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Summary  connectivities  and  for  a  variety  of  disturbing 

effects.  This,  of  course,  is  absolutely 
The  results  of  work  so  far  performed  in  necessary  to  the  success  of  its  use  in  a 

the  area  of  synchronization  techniques  have  tactical  environment, 

been  promising.  It  was  found  that  of  the  four 

techniques  investigated,  i.  e. ,  mastv., '-slave,  Introduction 

bit  stuffing,  frequency  averaging  and  indepen¬ 
dent  atomic  clocks,  frequency  averaging  and  The  MALLARD  Communications  System, 

independent  atomic  clocks  might  have  presently  in  its  "Concept  Formulation"  phase, 

application  ir.  a  future  field  army  communica-  is  planned  to  provi.de  a  Joint  Service- 

tion  network.  International  deployment  of  armed  forces  with 

the  capability  of  a  fully  tactical,  automatically 
The  simplest  technique  to  achieve  switched,  digital,  secure  communications 

synchronization  from  a  conceptual  point  of  network.  Each  switching  center  has  incoming 

view,  is  the  one  which  utilizes  atomic  clock  and  outgoing  trunk  links  to  other  switching 

frequency  standards  at  each  node.  The  centers  and  provides  the  necessrry  switching 

military  versions  of  atomic  clocks  which  are  between  links,  Channel  rates  are  expected  to 

available  today  are  rugged.  Their  small  size  be  19.  2  to  38.  4  Kbits  and  link  rates  are  expected 

and  light  weight,  coupled  with  their  inherently  between  1-5  Meg  bits.  A  variety  of  transmission 

high  stability  make  them  suitable  for  tactical  media  are  utilized,  among  which  are  Line  of 

operations.  Although  the  cost  of  achieving  Sight,  Radio  Relay,  Troposcatter  and  Satellite 

synchronization  using  atomic  clocks  is  higher  Communications.  The  fully  digital  nature  of 

than  other  known  methods,  the  simplicity  of  the  system,  and  the  capability  for  the  accurate 

system  operation  which  results,  and  the  interchange  of  high  speed  digital  information 

minimal  interconnection  problems  with  other  among  the  switching  centers  calls  for  highly 

systems  may  more  than  compensate  for  it.  accurate  system  synchronization.  This  paper 

discusses  the  synchronization  problem  that 
The  main  advantage  of  the  frequency  exists  under  these  conditions,  the  possible 

averaging  technique  is  that  it  appears  options,  and  the  most  promising  methods  for 

relatively  inexpensive,  has  smaller  size  and  establishing  bit  integrity  for  the  entire  system, 

weight  than  the  atomic  standard,  and  has  a 

potential  for  greater  reliability.  The  Background 

technique  can  also  readily  be  implemented 

with  conventional  circuitry.  Mathematical  Project  MALLARD  is  charged  with  the 

studies  and  computer  analysis  performed  thus  development  of  a  Post-75  communication 

far  indicate  that  stable  operation  can  quickly  system  for  the  military  tactical  forces.  It  is 

be  arrived  at  and  maintained  with  only  minor  an  international  cooperative  project  among 

adjustments  even  with  very  low  accuracy  United  States,  United  Kingdom,  Canada,  and 

clocks.  However,  this  technique  has  not  yet  Australia  which  had  its  beginnings  several 

been  conclusively  demonstrated  for  large  years  ago  with  informal  quadripartite  meetings 

networks  consisting  of  150  nodes,  under  various  staffed  by  scientists  from  each  of  the 
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countries’  military  establishments.  These 
meetings  developed  the  basic  technical  and 
operational  requirements  for  Post-75  tactical 
communications  and  published  its  findings  in  a 
voluminous  set  of  documents,  which  also 
outlined  and  defined  an  on-going  program  of 
research  and  development.  This  initial  in- 
house  planning  was  called  MALLARD  1. 
MALLARD  II  continued  the  program  with  the 
initiation  of  three  competitive,  industry  study 
efforts  designed  to  demonstrate,  independently, 
the  feasibility  of  designing  a  complete  military 
ta'ctical  communication  system  and  to  prove 
the  feasibility  of  achieving  a  full  field  deploy¬ 
ment  by  the  1975-77  time  frame.  At  present, 
mid  1969,  these  studies  are  being  concluded 
and  I  ir  results  are  being  evaluated  and 
correlated  by  a  special  international  team  of 
experts.  The  purpose  of  this  process  is  to 
select  the  best  recommendations  from  each  of 
the  studies,  and  from  these,  to  develop  a  full 
system  implementation.  When  evaluation  has 
been  completed  in  mid  May  1969  and  the  system 
concepts  decided,  a  functional  model  will  be 
developed  and  tested.  This  will  be  followed  by 
a  full  engineering  development  phase  and  finally 
production  and  fielding. 

Objective 

The  basic  objective  of  MALLARD  is  to 
develop  a  secure,  tactical,  trunk  communica¬ 
tion  system,’  including  the  methods  and  means 
of  subscriber  access.  The  system  must  be 
capable  of  full  security,  allow  the  transmission 
of  data,  automatically  switch  subscribers,  and 
possess  both  quick  reaction  time  and  increased 
transmission  reliability  over  that  presently 
achievable. 


SAMPLE  NETWORK  CONFIGURATION 


The  system  as  depicted  in  figure  1  is  envi¬ 
sioned  as  composed  of  an  interconnected  net¬ 
work  of  nodes  at  which  the  basic  operations  of 
routing,  switching  and  multiplexing  are 
performed.  The  nodes  are  interconnected 
by  multichannel  radio  circuits.  Subscribers 
are  interconnected  to  one  another  through 
the  facilities  of  the  nodes.  Groups  of  co¬ 
located  subscribers  may  have  their  own  local 
nodes,  and  certain  specialized  groups  of 
subscribers,  such  as  the  Random  Access 
Discrete  Address  System  (RADA)  for  instance, 
may  also  be  served  through  the  nodal  network. 
Several  types  of  internodal  radio  facilities 
are  envisioned;  line  of  sight  radio  relay, 
tropospheric  scatter  and  satellite  relay  are 
the  most  important. 

In  a  full  tactical  field  force  of  2  corps  and 
8  divisions,  requirements  are  envisioned  to  be 
of  the  order  of  150  nodes  and  50,  000  separate 
subscribers.  Regardless  of  system  size,  it 
must  satisfy  a  wide  range  of  subscriber  types 
from  relatively  fixed  geographically  type  such 
as  a  headquarters  to  highly  mobile  type  such 
as  division  commander  travelling  about  in  a 
jeep. 

The  requirement  for  full  security  and,  both 
voice  and  data  communication  naturally  leads  to 
the  design  selection  of  a  common  carrier  digital 
system. 

In  the  node  itself,  the  most  important  unit 
is  the  switch  and  switch  control.  Time  division 
switching  of  pulses  which  come  from  other 
nodes  and  from  the  individual  subscribers  on  a 
synchronous  basis  are  timed  by  a  local  clock 
located  in  the  node's  control  unit.  Hence,  the 
requirement  that  all  pulse  streams  coming  from 
other  nodes  must  somehow  be  put  into  proper 
phase  and  channel  alignment  so  that  the  switch¬ 
ing  procedure  is  carried  out  without  inadvertent 
channel  interchange,  losses  or  inversions  of 
adjacent  bits.  This  requirement  is  one  of  the 
bases  for  the  necessity  to  examine  inclose 
detail  the  methods  which  are  available  to  keep 
the  entire  internetted  system  in  synchronization. 

System  Synchronization 

Master-slave 

Considering  only  nodes  Sj  and  with 
their  interconnections  as  shown  in  figure  2, 
assume  12  subscribers  are  attached  to  each 
node  and  the  nodes  are  interconnected  by  a 
multichannel  radio  trunk  group  of  six  channels. 


NODAL  SYSTEM 


Pulse  transmission  in  both  directions  occurs  at 
some  regular  rate  between  the  nodes  which  is 
held  fixed  and  nonchangeable  even  if  certain  of 
the  channels  are  not  in  actual  use  by  any  of  the 
subscribers.  The  stability  of  the  rate  at  which 
each  node's  transmission  is  generated  is 
determined  of  course  by  the  clock  at  each  node, 
since  the  clock  at  each  node  controls  the  time 
position  of  each  outgoing  pulse.  Similarly, 
each  node  receives,  and  clocks  in  the  distant 
transmission  at  its  own  local  rate.  Suppose  the 
clock  rates  differ  slightly.  Then  the  receiving 
node  will  eventually  "slip"  a  pulse,  by  either 
having  to  throw  one  away  if  the  pulses  are  coming 
in  too  fast,  or  waiting  through  an  empty  period 
if  the  pulses  are  coming  in  too  slow.  In  either 
case,  the  continuity  of  service  has  been 
destroyed.  What  has  come  to  be  called  "bit 
integrity"  has  been  lost.  For  this  simple  case, 
it  is  possible  to  slave  one  of  the  nodes  to  the 
othar  and  the  problem  is  solved.  Which  one 
slaves  to  which,  in  this  example,  does  not 
matter  as  long  as  it  results  in  one  of  the  clocks 
being  forced  into  synchronization  with  the  other. 

It  has  been  assumed,  in  fact,  all  along  that  the 
subscribers  devices,  usually  controlled  by  a 
crystal  oscillator,  are  being  slaved  to  their 
parent  nodes.  Now  consider  the  addition  of  a 
third,  fourth  and  fifth  node.  Their  addition 
complicates  the  system  and  it  is  no  longer  a 
simple  matter  of  slaving  the  incoming  bit  stream, 
since  each  node  receives  several  such  'tit  streams 


from  several  different  nodes  each  with  its  own 
distinct  clock.  Slaving  to  only  one  arbitrary  node 
is  not  enough;  the  other  incoming  bit  streams  are 
still  out  of  synchronization.  The  slave  principle 
can  in  theory  still  be  maintained  but  it  is  not 
very  practical.  It  is  done  as  follows.  Designate 
one  node  as  the  Master  for  the  whole  system. 
Designate  certain  of  the  paths  through  the  system 
as  control  paths  for  slaving  and  inform  each  of 
the  slavetinodes  which  path  to  slave  on.  If  this 
is  done  correctly,  then  all  stations  or  nodes  will 
clock  to  the  node  designated  the  Master.  This 
method  has  a  number  of  drawbacks.  A  tactical 
land  force  must  be  highly  mobile.  Elements  of 
Bus  force  are  constantly  picking  up  and  moving. 
Both  nodes  and  subscribers  move  around 
frequently,  and  nodes  may  be  destroyed  or  links 
disrupted.  Consequently,  the  system  connecti¬ 
vity  is  always  changing.  As  a  result,  the  system 
rules  and  regulations  which  determine  the  master 
and  slave  relationship  must  constantly  be 
updated;  This  seriously  complicates  the  overall 
system  control  and  adds  to  its  complexity  which 
for  other  very  good  reasons  is  already  complex 
enough.  Therefore,  there  ir  reason  to  ask  if 
there  are  other  perhaps  more  desirable 
synchronization  alternatives.  There  are  three 
other  methods  distinctly  enough  different  from 
each  other  to  be  considered  separately. 

Frequency  Averaging 

A  logical  generalization  of  the  slave 
principle  is  called  Frequency  Averaging.  If 
each  node  took  some  average  of  all  the  incoming 
rates  and  slaved  its  own  clock  to  that  average, 
it  can  be  shown  mathematically  that  if  a  steady 
state  exists,  it  would  be  one  in  which  the  entire 
system  would  settle  down  to  a  common  clock 
rate  and  thus  achieve,  theoretically  at  least, 
total  and  complete  system  synchronization 
forever.  This  concept  has  been  subjected  lately 
to  thorough  examination  and  treatment  :in  the 
communications  literature  far  commercial 
application.  However,  its  treatment  for 
highly  tactical  mobile  systems  such  as  MALLARD 
has  only  recently  begun  and  as  discussed  later, 
leave  unanswered. many  important  questions. 

Independent  Atomic  Clocks 

Another  distinct  method  of  system 
synchronization  uses  uncontrolled  clocks  which 
are  highly  accurate  with  respect  to  one 
another.  Atomic  Standards  are  available  with 
accuracies  of  the  order  of  plus  or  minus  5  parts 
inJO‘2.  Such  clocks,  if  m  ed  at  each  node,  would 
insure  that  not  more  than  1  pulse  in  a  10^  would 
get  lost.  At  an  expected  internooal  transmission 
rate  of  1  megabit  per  second  this  amounts  to 
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about  one  day's  worth  of  “bit  integrity". 


as  required. 


When  complete  synchronization  of  the 
system  is  required,  it  is  not  meant  forever, 
since  both  nodes  and  subscribers  move  around. 
This  required  mobility  of  the  system  pervades 
at  i  dominates  the  entire  3et  of  military 
requirements  and  sets  this  system  distinctly 
apart  from  previous  developments  of  digital 
systems  for  the  military.  It  appears  that 
system  synchronization  over  a  period  of  perhaps 
a  day  would  be  sufficient  to  meet  the  basic 
tactica'  requirement.  This  being  so,  the 
independent  operation  of  each  station  with  its 
own  uncontrolled  but  highly  stable  atomic  clock 
appears' as  a  satisfactory  candidate  with  many 
useful  features  to  recommend.  Again, 
subscribers  are  slaved  to  their  parent  nodes, 
and  perhaps  even  the  so  called  minor  nodes 
which  connect  to  only  one  major  node  by  one 
path.  This  exception  will  obviously  cause  no 
difficulty  and  is  in  fact  economically  desirable 
since,  by  slaving,  they  need  not  be  supplied 
with  an  expensive  atomic  standard. 

Bit  Stuffing 


The  last  possibility  discussed  here  uses 
the  principle  of  bit  stuffing  or  message 
redundancy.  In  this  method,  the  individual 
nodal  clocks  remain  uncontrolled  as  in  the 
independent  clock  method,  however,  they  are 
not  required  to  be  highly  stable  atomic  stan¬ 
dards.  If  left  to  operate  with  say  1  in  108  per 
week  stability,  then  bit  slippage  would  occur 
about  1000  times  more  often  than  with  atomic 
standards  or  .roughly  once  every  100  seconds, 
and  this  would  not  satisfy  the  basic  user  ’’C 
quirement8.  The  solution  runs  as  follow  . 
Transmit  from  each  node  at  a  slightly  *  . 
rate  than  is  actually  necessary  to  transmit 
the  given  subscriber  information  and  fill 
in  the  gaps  thus  created  in  the  transmitted 
stream  with  so  called  dummy  bits.  These 
dummy  bits  are  added  periodically  to  the 
transmitted  stream  in  such  a  way  tnat  upon 
reception  at  the  distant  node,  their  presence 
and  locations  are  easily  identifiable.  What 
the  receiving  node  then  sees  is  an  incoming 
bit  stream  at  a  rate  higher  than  its  own  clock 
and  of  course  must  periodically  throw  bits 
away,  but  it  makes  sure  it  throws  one  of  the 
useless  dummy  bits  away  rather  than  an 
important  data  bit. 


If  the  design  of  the  system  is  correct;  the 
transmission  rates  are  chosen  correctly  and 
the  dummy  bits  encoded  into  the  stream 
properly,  then  it  is  possible  to  preserve 
information  bit  integrity  over  as  long  a  period 


Techniques  Constraining  System  Effectiveness 

The  Master-Slave  principle  suffers  from 
complexity  of  the  system  control  and  since -its 
limited  application  to  MALLARD  has  been 
quite  clearly  defined,  it  will  not  be  further 
discussed.  The  method;of  pulse  stuffing, 
although  technically. feasible,  does  not  appear 
as  a  major  candidate  because  when  compared 
against  the  two  remaining  candidates  it  suffers 
•ome  major  drawbacks.  It  requires  in  the  first 
place  that  a  higher  bit  rate  be  transmitted  (in 
order  to  include  the  dummy  bits)  than  would 
ordinarily  be  needed,  thus  it  is  wasteful  of 
bandwidth.  Second,  it  requires  that  each 
node  possess  a  rather  increased  degree  of 
complexity  because  it  must  detect  the  dummy 
bits,  compare  against  the  local  node  rate,  and 
make  decisions  as  to  how  to  modify  the  dummy 
structure.  Then  each  node  must  reformat  its 
outgoing  data  streams  with  new  patterns  for 
transmission  to  the  next  node.  Further 
complicating  the  picture  is  the  necessity  for 
encoding  to  counter  the  effects  of  system 
errors  which,  if  not  corrected,  would  increase 
the  probability  of  mistaking  data  bits  for  dummy 
bits  and  vice  versa.  For  these  reasons,  bit 
Stuffing,  as  a  general  method  of  achieving 
system  synchronization  does  not  appear 
satisfactory. 

We  have  then  the  two  remaining  methods  - 
frequency  averaging  and  independent  clocks. 

Remaining  Techniques 
Frequency  Averaging  Concept 

The  frequency  averaging  approach  to  the 
synchronization  problem  is. based  upon  a 
comparison  of  the  average  phase  of  all 
incoming  data  and  the  local  clock  phase.  Phase 
error,  either  positive  or  negative,  is  used 
to  increase  or  decrease  the  clock  frequency. 
These  corrections  are  such  as  to  minimize 
phase  error,  so  that  it  is  always  less  than 
one  bit.  This  system  will  maintain  all  local 
clocks  at  one  frequency,  which  turns  out  to  be 
the  average  of  the  uncorrected  clock  frequencies 
The  system  would  make  use  of  high  quality  vol¬ 
tage  controlled  crystal  oscillators.  Since 
crystal  frequency  drift  is  usually  bounded  by 
maximum  and  minimum  values  which  are  within 
the  electrical  pull-in  range  and  well  within  the 
manual  control  range,  oscillator  lifetime 
is  not  limited  by  frequency  drift. 


FREQUENCV  AVERAGING  CONCEPT 


FIGURE  3 


As  shown  in  figure  3,  the  system  may  be 
described  as  follows: 


on  the  basis  of  the  status  of  its  own  delay  lines 
or  buffer  stores.  A  more  complicated  method 
is  available  where  information  concerning  the 
status  of  remote  nodal  delay  lines  is  also  used 
to  readjust  the  local  clocks.  This  is  called 
both  end  control.  The  intermix  of  continuous 
and  switched  control  with  either  single  or  bl 'h 
end  control  can  result  in  four  possible  types 
of  frequency  averaging. 


shown  to  be  feasible  with  either  single  or  both- 
end  control.  Both  end  control  has  been  shown 
to  have  the  advantage  of  reducing  overall 
storage  requirements,  but  it  is  necessarily 
a  more  complicated  implementation.  An 
alternative  to  variable  delay  lines  is  the  buffer 
store  which  may  be  used  in  another  equivalent 
implementation. 

The  amount  of  time  that  a  continuous 
control  system  will  remain  in  synchronization 
appears  to  be  unlimited,  barring  exceptional 
malfunctions  such  as  excessive  frequency  drift 
in  a  single  clock. 

Discontinuously  switched  frequency  contr  ol 
proved  more  difficult  to  analyze- but  has  been 
shown  to  be  equally  suitable.  However,  it 
cannot  be  implemented  as  easily  as  the  contin¬ 
uous  system  and  has  not  been  considered  a 
practical  contender. 


Each  variable  delay  line  provides  a  phase 
adjustment  by  means  of  which  changes  in  link 
propagation  time  may  be  compensated  for.  The 
delays  may  be  positive  or  negative  referred  to  a 
midpoint  value.  The  phase  detector  on  each 
incoming  line  measures  the  time  difference 
between  the  output  data  transitions  of  each  var¬ 
iable  delay  line  and  the  local  clock  transitions. 
The  error  voltage  developed  from  each  phase 
detector  is  applied  to  the  variable  delay  line 
corresponding  to  the  link;  it  is  also  applied, 
through  an  averaging  device  to  the  node  clock. 

The  variable  delay  line  and  the  clock  frequency 
are  thereby  changed  in  such  a  direction  as  to 
reduce  the  error  voltage  from  the  phase  detector. 
This  will  insure  that  the  phase  error  is  always 
less  than  one  bit  and  that  meaningful  data  is  not 
lost.  There  are  several  variations  of  this 
method.  The  local  clock  may  be  controlled 
continuously  as  described  above,  or  alternately 
it  may  be  switched  discontinuously  between  a  high 
and  low  value,  as  a  function  of  the  delay  line 
storages.  Both  of  these  are  methods  of  changing 
the  frequency  of  the  local  clock.  The  information 
upon  which  the  phaselock  acts  can  be  of  two  types, 
single  end  or  both  end  control.  Single  end  Control 
signifies  that  each  node  controls  its  clocks  solely 


Initial  Setability  of  the  system  is  an 
important  consideration. 

For  the  single  end  control  method,  the 
midpoint  of  each  oscillator  may  be  either 
manually  set  to  a  known  standard  frequency  if 
one  is  available,  or  else  since  all  system 
oscillators  are  at  the  same  unknown  valu^  of 
frequency  within  say  one  part  in  10^  or  10  per 
wk  it  may  not  be  necessary  to  set  each 
oscillator  at  all.  Even  so,  some  procedure  for 
bringing  a  new  node  into  operation  in  an  already 
existing  network  is  desirable  since  it  may  occur 
that  the  existing  system  frequency  and  the  free 
running  frequency  of  the  new  node  may  differ 
greatly.  Such  procedures  are  under  investiga¬ 
tion  ard  all  depend  in  some  fashion  on  a  method 
for  introducing  a  variable  but  fixed  bias  on  the 
center  frequency  of  each  new  oscillator. 

Limited  work  had  been  performed  on  the 
analysis  of  controlled  communications  systems, 
both  single  end  and  both  end  under  continuous 
and  discontinuous  control,  for  The  MALLARD 
Project.  But  as  stated  earlier,  the  analysis 
of  a  communications  system  containing  150 
nodes  each  highly  mobile  has  not  been 


completed.  Efforts  in  this  area  will  be 
continued  if  the  frequency  averaging  technique 
is  the  method  of  frequency  control  selected 
for  the  MALLARD  system. 

Independent  AtoraicXlock 

In  the  independent^clock  approach,  a  high 
stability  device  must  be  used  at  each  node, 
for  a  systermwhich  uses  independent  clocks 
relies  solely  upon  the' high  accuracy  and 
stability  of  each  node's  clock  in  order  to 
achieve  bit  integrity. 

In  order- to  increase  the  effectiveness  of 
this  system's  performance,  small  buffers 
may  be  used  at  each  node  in  conjunction  with 
the  high  accuracy  clocks  to  act  as  additional 
elastance  in  the  system  and  also  to  average 
out  any  3hort-term  radio  media  delay  variations. 

Clocks  which  may  be  suitable  for  this  appli¬ 
cation  include  the  categories  of  atomic  stan¬ 
dards,  rubidium  and  ultra  stable  crystal 
oscillators.  In  order  for  these  timing  devices 
to  be  tactically  useful,  they  must  meet  the 
following  requirements: 

(a)  High  accuracy  and  long-term  stability. 

(b)  Short  warm  up  time. 

(c)  High  reliability. 

(d)  Reasonable  weight,  size  and  power 
consumption. 

(e)  Low 'price  of  the  clock  and  simple 
implementation. 

An  atomic  frequency  standard  is  indicated 
for  use  in  this  system  since  it  possesses  the 
qualities  of  very  high  accuracies,  very  short 
warm  up  time,  very  smooth  fine  tuning  and 
high  environmental  insensitivity.  For  long¬ 
term  stability  and  for  the  best  temperature 
stability  a  cesium  beam  standard  has  been 
considered.  Rubidium  gas  cells  too  have  been 
considered  for  their  high  short  and  long-term 
stability,  and  insensitivity  to  coriolis  forces. 

Atomic  standards  can  be  tuned  in  steps  of 
l  x  10u  compared  with  quartz  crystal  oscillators 
where  tuning  sometimes  has  an  effect  on  the 
aging  characteristics.  The  warm  up  time 
required  for  the  crystal,  especially  a  high 
precision  crystal  unit,  is  in  terms  of  hours; 
for  atomic  standards  it  is  in  terms  of  minutes, 
The  tactical  advantage  is  obvious.  There  is 
a  disadvantage  in  Rubidium  in  that  gas  cell 


standards  unlike  the  cesium  are  actually 
secondary  standards.  This  requires  that  it  mist 
initially  be  calibrated.  Another  Rubidium  effect 
which  has  recently  been  observed  is  a  small 
bu^  non-random  drift  of  the  order  of  a  part  in 
10  per  month.  The  cause  of  this  non-random 
instability  has  not  yet  been  fully  determined. 

Its  effect  on  the  system  performance  would 
be  to  require  periodic  rests  of  perhaps  once 
every  several  months  and  some  additional 
buffer  storage  on  each  incoming  transmission 
link. 

Both  types,  Cesium  and  Rubidium,  can 
>easily  be  incorporated  into  a  communication 
system,  however,  some  arrangement  in  case 
of  failure  of  the  node  clock  must  be  at  hand. 
Should  such  a  clock  fail,  a  procedure  for 
resetting  must  be  at  hand  as- rapidly  as 
possible  to  nr  .ntain  continuity  of  the  system.. 

If  each  >  ide  is  provided  only  a  single 
standard  it  might  slave  temporarily  to  an 
adjacent  node's  clock.  Some  disruption  of 
service  might  ensue  in  such  a  case.  If  two 
-clocks  per  node  are  used  with  some  sort  of 
periodic  checking  capability  between  them  then 
it  is  possible  to  preserve  continuity  of  service 
at  an  increased  cos.-.  For  instance,  the  output 
of  one  of  standards  may  be  fed  to  a  phase 
shifter,  and  then  to  a  phase  detector.  The 
other  output  would  be  fed  directly  to  the  phase 
detector.  Both  outputs  are  compared  and 
should  a  phase  difference  exist,  one  of  the 
outputs  is  periodically  adjusted  so  as  to  be 
identical  with  the  other.  The  two  output  lines 
are  then  fed  to  the  alarm  and  disconnect  circuits 
before  going  out  on  the  output  lines.  Sho.uld 
one  of  the  clocks  fail,  the  alarm  unit  detects 
this  and  simply  disconnects  the  faulty  line 
without  introducing  a  transient  into  the  output 
lines.  The  faulty  unit  is  then  repaired  and 
installed  back  in  the  system. 

Performance  of  the  atomic  standards  can 
be  improved  by  incorporating  small  buffers  at 
each  receiving  terminal.  These  will  be  read 
into  at  the  transmitted  (received)  rate  and  read 
out  of  at  the  local  clock  rate. 

Clearly,  when  the  local  buffers  at  each  node 
either  fills  up  completely  or  depletes  completely 
a  reset  is  necessary  during  which  bit  integrity 
cannot  be  maintained.  Estimates  of  the  amount 
of  buffering  which  is  necessary  in  order  to 
maintain  a  given  period  of  bit  integrity  have 
been  developed  in  a  number  of  studies.  Three 
basic  factors  must  be  accounted  for,  the  rela¬ 
tive  drift  of  the  clocks,  the  variations  in  delay 
through  the  propagation  medium  and  the  desired 
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length  of  time  between  resets.  For  one  day  bit 
integrity,  using  cesium  clocks,  and  assuming 
no  a  priori  knowledge  as  to  direction  of  drift  it 
is  necessary  to  account  for  a  possible  bit  offset 
of  1.  7  bits  in  either  ^direction' during  a  day 
when  transmitting  at  one  megabit/ sec.  To  this 
must  be  added  the- maximum  expected  media 
delay  changes.  For  the  means  of  transmission 
cited  earlier  namely  radio  relay,  troposcatter 
and  satellite,  the  only  one  which;introduces 
a  significant  delay  variation  is  satellite. 


DUFFER  REQUIREMENTS  FOR 
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Consequently,  as  depicted  in  figure  4,  3*i0 
bits  of  buffer  storage  is  required  for  that  case 
against  only  six  for  the  other  two.  For 
Rubidium  clocks  these  are  all  about  10  bits 
higher  reflecting  the  lesser  stability  and 
small  drift  of  Rubidium.  For  higher 
transmission  rates  of  course,  either  propor¬ 
tionately  more  storage  is  required  or  a  smaller 
period  of  bit  integrity  must  be  accepted. 

Conclusions 

Figure  5  lists  some  of  the  characteristics 
of  Atomic  Clocks  and  Frequency  Averaging 
along  with  what  is  considered  to  be  their 
advantages. 


ATOMIC  CLOCKS  FREQUENCY  AVERAGING 


SIZE 

1  CUBIC  FOOT 

.1  CUBIC  FOOT 

WJCHT 

30  -  70  POUNDS 

4  TO  5  POUNOS 

RELIABILITY 

20,000  MTBf 

40.000  MTBF 

HIGH  STABILITY 

1  PARI  IN  I0*2 

ADVANTAGES 

simplicity  of  operation 

SMALLER  SIZE  ANO WEIGHT 

MINIMAL  INTERCONNECTION 
NECESSARY 

INCREASED  RELIABILITY 

LOWER  COST 

FIGURE  5 

Other  factors  ‘for  consideration  are  the 
costs  of  each  technique  which  is  easily 
computed  on  a  per  node  basis.  The  frequency 
averaging  system  must  provide  a  summing 
device  for  each  node  while  the  atomic  clock 
sys  tern  does  not.  Projected  estimates  for 
atomic  clocks  several  years  hence  is  $4,000 
each,  for  quantities  of  25  or  more.  If  a 
backup  clock  is  used  the  cost  if  $8,  000  per  node. 

The  present  cost  ol'a  crystal  oscillator  is 
$500  {without  quantity  discount),  including  a 
varicap  control,  internal  trimmer,  stability 
equal  to  1  x  10°  per  wk  after  24  hour  warm  up 
period  and  a  volume  of  2  x  2  x  5  inches.  The 
cost  of  the  summing  device  may  be  $100  if  an 
operational  amplifier  is  used.  Thus  frequency 
averaging  costs  include  2  oscillators,  a  sum-  . 
ming  device  and  the  required  control  circuitry. 
The  total  projected  cost  is  about  $1,  000.  This 
figure  relates  only  to  the  nodal  cost  and  docs 
not  include  the  crystal  oscillators  used  by 
individual  subscribers.  Further  work  is 
contemplated  to  determine  the  Combat/Cost 
Effectiveness  of  each  of  these  two  areas. 
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APPLICATION  OF  PRECISE  TIME-FREQUENCY  TECHNOLOGY  IN  MULTIFUNCTION  SYSTEMS 


Theodore  C.  Viars 
Avionics  Laboratory,  USAECOM 
Ft.  Monmouth,  New  Jersey 


This  paper  discusses  concepts  for  a  multi¬ 
function  avionics  system  based  on  the  useof 
accurate  synchronized  clocks-at  each  terminal 
of  the  system.  An  experimental-  program  to  iden¬ 
tify  technological  barriers  and  aid  in  their 
resolution  will  be  described.  Thiscexperimental 
activity  involves  development  and  utilization 
of  a  facility  known  as  the  Time  Ordered  Tech¬ 
niques  Experimental  System  (TOTES). 

Basic  Concent 

The  multifunction  system  is  basically  a 
time  multiplexed  digital  data  link  which  uses 
a  common  wide  band  frequency  channel.  It  is 
similar  to  conventional  time  division  data  links 
in  that  each  user  is  assigned  his  own  time  slot 
during  which  he  performs  active  (mostly  radi¬ 
ating)  functions  which  provide  information  to 
the  passive  members  of  the  system  during  that 
time  slot.  Each  user  takes  his  turn  at  being 
the  active  member.  The  multifunction  system 
differs  from  other  time  division  data  links  in 
the  following  respects: 

1.  A  systematic  effort  is  made  to  fully 
utilize  the  radio  frequency  channel  to  perform 
other  services,  in  addition  to  communication, 
which  are  required  to  provide  more  effective 
Army  avionic  systems.  These  additional  services 
generally  relate  to  air  traffic  regulation  in 
both  the  en-route  and  terminal  situations,  and 
involve  functions  which  can  be  derived  from 
accurate  range  measurements  between  key  elements 
of  the  dynamic  air  traffic  environment. 

2.  The  time  synchronization  of  the  RF  link 
is  maintained  more  precisely  than  would  be  re¬ 
quired  for  data  transmission  alone,  in  order 

to  provide  the  accurate  ranging  information  re¬ 
ferred  to  above. 

Figure  1  shows  a  representative  time  slot 
structure.  Each  user  is  alloted  a  5  millisecond 
slot,  which  might  be  budgeted  as  shown.  Cj_, 

C2 .  mark  the  beginning  of  new  cycles.  With 

the  parameters  assumed  in  Figure  1,  a  system 
which  has  .  .  users  would  have  a  cycle  time  of 

2  seconds.  For  functions  requiring  a  faster 
data  rate,  special  time  slots  can  be  programed 
at  regular  intervals  as  shown  at  slots  20  &  40. 
Examples  of  such  special  functions  arejproximity 
warning  for  air-to-air  collision  avoidance, 
station-keeping,  and  landing  approach  aids. 


TIME  BUOCt:  ; 


Ringe:  Sync 

1.5  Ms 

Oita  MOO* IOOK8I 

J,0 

Integral  Relay 

1.0 

Propagation  OX  100 nil 

1.5 

T0IU 

"Toms 

Fig  1  -  Typical  Time  Slot  Structure 


Clock  Errors 

The  maximum  timing  errors  that  the  system 
can  tolerate  vary  with  the  particular  function 
to  be  performed,  and  with  such  factors  as  data 
rates  and  accuracies  to  be  achieved  for  a  given 
function.  Figure  2  shows  the  degree  of  timing 
precision  necessary  for  various  functions,  where 
the  time  scale  represents  the  maximum  synchroni¬ 
zation  error  that  can  be  tolerated  for  the 
accuracies  shown.  For  example,  for  functions  such 
as  station-keeping  which  may  require  range  in¬ 
formation  to  the  order  of  +  10  to  100  feet  ac¬ 
curacy,  the  system  must  be  synchronized  to  the 
order  of  10  to  100  nanoseconds.  (One-way  prop¬ 
agation  time  is  assumed  to  be  about  1  foot  per 
nanosecond).  These  accuracies  must  be  main¬ 
tained  for  the  duration  of  a  mission  which  might 
last  for  several  hours.  They  are  currently 
achievable,  both  by  atomic  frequency  standards, 
and  by  less  accurate  crystal  standards  in  sys¬ 
tems  where  it  is  practical  to  resynchronize  the 
remote  station  clocks  to  a  consnon  system  time- 
reference  over  a  wide-band  RF  channel. 


a.  Multiple  Ranging 
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Station  -Keeping 
Approach  Aids 

CO  -  100  ft) 


Collision  Avoidance 
Position  *  fixing 

1100- 1009(11 


Oati  bchange 
(10  *  too  KB! 


Fig  2  -  Allowable  Timing  Errors  (SEC) 


Candidate  System  Approaches 

The  multifunction  system  postulated  here 
consists  of  a  time  synchronized  UHF  or  SHF  radio 
network,  under  control  of  a  master  station. 

Since  a  large  portion  of  the  information  handled 
will  be  related  to  air  traffic  regulation,  it 
is  logical  to  integrate  the'  ground-air  system 
via  a  semi-automatic  air  traffic  control  termi¬ 
nal  which  is  optimized  to  function  as  an  inte¬ 
gral  part  of  the  system.  Some  of  the  services 
that  the  system  would  provide,  and  possible 
technical  approaches  for  their  implementation, 
are  discussed  below. 

Identification  &  Collision  Avoidance 

Identification  of  each  user  is  implicit 
by  the  prearranged  order  of  the  time  slots. 

Since  each  station  knows  when  an  active  station 
is  scheduled  to  transmit  a  ranging  pulse,  range 
information  is  derived  by  all  participants  from 
the  single  range  transmission.  By  integration 
of  successive  range  pulses,  or  by  extracting 
doppler  information,  range  rate  is  available  at 
each  station.  Altitude  information  can  be  trans¬ 
mitted  during  the  data  interval  of  a  time  slot. 
With  the  information  now  available:  range, 
range-rate,  and  altitude,  air-to-air  collision 
avoidance  can  be  automated. 

2.  Aircraft  location 

Although  accurate  range  information 
(+  75  to  100  ft.)  can  be  obtained  by  one  way 
ranging,  further  information  is  required  to 
establish  aircraft  position.  Following  are 
some  candidate  techniques  for  accomplishing 
this: 


This  approach  would  exploit  the  ac¬ 
curate  ranging  capability  of  the  system  by  having 
'secondary  beacon  sites,  located  at  known  points 
on,  a  baseline.  The  propagation  time  of  aircraft 
ranging  pulses  received  at  the  beacons  could  be 
transmitted  to  the  master  station  over  a  data 
link  of  restricted  bandwidth.  There  the  air¬ 
craft  position  would  be  computed  (by  triangu¬ 
lation)’  and  utilized- in  traffic  regulation  and  ■ 
other  operational  functions.  If  required,  the 
aircraft's  positiqn  could- be  conveyed  back  to 
the  aircraft  over  a  data -link. 

Use  of  beacons  on  elevated  terrain 
points  in  the  vicinity  of -a  flight  operations 
center  also  has  the  advantage, of  extending  the 
range  of  the  system  to  low  flying  aircraft  (be¬ 
yond  the- terrain  mask,  which  would  otherwise  be 
screened  from  the  operations  center. 

b.  Directional  Receiving  Antenna 

The  azimuth  of  received  signals  can 
be  determined  by  an  electronically  -  scanned 
antenna  at  the  ground  terminal.  Errors  of  a 
few  degrees  are  presently  achievable  with  thi3 
technique.  Although  this  method  lacks  the 
accuracy  of  other  techniques,  position  infor¬ 
mation  is  available  from  a  single  station. 

c.  Rotating  Beacon  at  the  Flight- 

Operations  Center  (FOC) 

A  bearing  measurement  system  can  be 
provided  by  transmitting  an  omnidirectional  time 
reference  and  a  rotating  directional  continuous 
signal  such  as  the  techniques  employed  in  VOR 
and  TACAN.  By  using  reasonably  high  directivity 
in  the  horizontal  plane  and  a  vertical  fan  beam, 
it  should  be  possible  to  achieve  accuracies  on 
the  order  of  1  or  2  degrees  with  relatively 
simple  equipment, 

.  d.  Range  A  t 

This  technique  would  employ  a  master 
and  two  or  three  beacon  stations  set  up  on  a 
short  baseline  with  a  spacing  of  about  600  meters 
between  terminals.  By  transmitting  pulses  with 
known  time  delays  from  these  stations,  hyper¬ 
bolic  position  lines  similar  to  LORAN  can  be 
established.  For  aircraft  at  ranges  greater 
than  about  ten  times  the  baseline,  the  hyper¬ 
bolic  lines  are  nearly  straight  lines  as  shown 
in  Figure  3.  This  means  that  a  given  differ¬ 
ence  in  arrival  time  (  At)  of  a  set  of  pulses 
received  at  the  aircraft1,  can  be  converted  dir¬ 
ectly  into  bearing  angle  without  elaborate 
computation.  The  aircraft  now  has  bearing  infor¬ 
mation  to  an  accuracy  comparable  to  VOR  to 
supplement  the  accurate  range  information  avail¬ 
able  from  the  time  ordered  system.  Note  that 
this  configuration  is  pilot  oriented.  It  is  not 
difficult  to  visualize  a  system  in  which  primary 


emphasis  at  the  ground  terminals  is  shifted  to 
receiving  pulses  transmitted  from  the  aircraft, 
and  measuring  a  t  (and  hence  bearing  angle)  at 
the  master  station. 

At 


Fig  3  -  Typical  Time  Difference 

Hyperbolic  Lines  of  Position 


Figure  4  shows  the  relationship  of 
bearing  error  to  time  measurement  accuracy  for  the 
range  At  technique. 


QCARING  AWOLf  -  • 

Fig  4  -  Bearing  Error  vs.  Bearing  Angle 
(Time  Error  30  Hsj  600  Meter 
Baseline) 


3.  localizer 

A  variation  of  the  range  At  technique 
outlined  above  could  be  employed  to  provide  a 
more  accurate  approach  aid.  Since  the  hyperbolic 
lines  of  position  become  a  straight  line  on  the 
perpendicular  bisector  of  a  line  connecting  two 
transmitting  stations,  it  is  possible  to  define 
this  straight  line  (which  could  be  an  extension 
of  the  runway  centerline)  through  the  region  of 
fixed  base  stations  at  an  airfield  by  a  constant 
time  difference. 

The  Time  Ordered  Techniques 
Experimental  System  ( TOTES ) 

The  TOTES  is  part  of  an  exploratory  develop¬ 
ment  program  to  examine  the  feasibility  of  apply¬ 
ing  time-frequency  and  related  advanced  tech¬ 
niques  in  multifunction  avionics  systems  which 
might  become  operational  in  the  post-1975  time 
period.  The  TOTES  provides  the  physical  means 
for  accomplishing  the  following: 

Environmental  and  techniques  investigation. 

System  development,  feasibility  demonstra¬ 
tion  and  system  evaluation. 

The  TOTES  hardware  is  being  designed  for  maximum 
flexibility  to  enhance  its  value  as  a  research 
tool.  The  primary  system  consists  of  three  radio 
frequency  (RF)  modules  with  associated  precision 
time  references,  system  timing  and  processing 
logic,  and  data  recording  equipment.  One  of  the 
RF  modules  located  at  the  center,  along  with  the 
processing  and  recording  equipment,  comprises  the 
master  station.  A  remote  base  station  will  be 
located  on  a  tower,  and  will  serve  primarily  as 
the  second  point  of  a  baseline  position-location 
system  and  as  a  relay  station.  Another  RF  module 
is  located  in  a  shop  van,  thus  permitting  a  vari¬ 
ety  of  environmental  situations  to  be  examined, 

TOTES  Terminal 

A  TOTES  terminal  shown  in  Figure  5  is  com¬ 
prised  of  several  hardware  modules  organized 
along  functional  lines.  Two  general  types  of 
terminals,  master  station  and  slave  station,  are 
required.  Both  terminals  have  the  same  type  and 
number  of  modules;  in  some  instances  these  mod¬ 
ules  have  minor  hardware  (but  significant  func¬ 
tional)  differences.  These  modules  are: 

1.  Radio  Frequency  Module: 

Special  purpose  "L"  band  transceiver 
employing  biphase,  psuedo-random  pulse  modulation. 
Radio  transmissions  are  coherent  with  self-con¬ 
tained  or  external  precision  oscillators.  An 
alternate  mode  of  operation  de-activates  the 
psuedo-noise  matched  filter  mode  and  uses  straight 
envelope  detection.  This  mode  is  particularly 
useful  in  multipath  clutter  investigations. 
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Fig  5  -  TOTES  Master  Station 


2.  Timing  Generator: 

Generates  a  number  of  programmable  timing 
reference  pulses  during  each  time  slot;  and  ea- 
tablishes  time  slot  ordering  and  identities. 

3.  Time  Ordered  System  Module: 

Provides  a  capability  to  accomplish  in¬ 
ter-station  timing  synchronization*  measure  one¬ 
way  range  propagation  delays  of  received  signals, 
and  to  control  various  RFM  functions. 

A.  Integral  Relay  Module; 

Performs  data  buffering  and  address 
functions  to  establish  relays  through  intermed¬ 
iate  slave  stations.  Relay  assignments  are  trans¬ 
mitted,  along  with  other  digital  data,  in  the 
regular  time  slot  of  each  affected  slave  station. 

5.  Parallel  to  Serial  Converter; 

Serializes  parallel  digital  data  inputs 
into  a  specified  format,  at  a  rate  established 
by  the  Timing  Generator. 

6.  Data/Range  Display: 

Displays  digital  data  and  one-way  range 
along  with  station  identity  upon  request. 

7.  Data  Link  Test  Instrumentation: 

4 

The  data  link  test* instrumentation 
consists  of  transmitting  and  receiving  data  equip¬ 
ments  located  at  the  TOTES  terminals  between  which 
the  digital  data  exchange  capability  is  to  be 
measured.  The  transmitting  equipment  is  a  pro- 
gramable  length  digital  sequence  and  sync 


preamble  generator,  which  is  synchronized  via  the 
first  bit  of  the  received  sequence,  or  by  the 
sync  preamble.  A  buffer/comparater  compares 
each  bit  of  the  locally  generated  code  with  the 
received  code,  detects  bit  errors,  and  processes, 
stores,  and  formats  the  data  for  subsequent  re¬ 
cording  on  an  incremental  tape  recorder.  Data 
on  the  tape  can  be  transferred  directly  to  the 
ECOM  B-5500  digital  computer  for  processing. 


Preliminary  TOTES  Tests 

Figures  6  through  9  show  the  waveforms 
obtained  in  preliminary  tests  of  the  TOTES 
RF  and  timing  modules,  using  conventional  pulse 
code  modulation.  (Horizontal  sweep  speed  was 
^  microsecond  per  division).  Figure  6  shows 
a  1  microsecond  pulse  received  over  an  8.2 
mile  ground-to-ground  path.  This  photograph 
represents  the  integration  of  about  300  separ¬ 
ate  pulses.  The  pulse-to-pulse  variation  is 
indicated  by  the  broad  fuzzy  line  at  the  top 
of  the  waveform.  This  may  be  due  to  variations 
ini multipath  effects  on  the  individual  pulses. 


Fig.  6-1  ?ficro  second  Pulse 
T?'idth  (Composite  of 
Mony  Pulses) 
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Fig  7  -  Single  Trace 


Fig  8  -  Composite  of  4  Traces 


Fig  9  -  250  Nanosecond  Pulse 


Fig  10  -  Output  of  P/R  Decoder  (Top 
Trace)  Schmidt  Trigger 
(Bottom  Trace) 


Figure  7  shows  the  received  waveform  for  a  single 
pulse;  Figure  8  is  the  composite  for  4  pulses. 
These  latter  two  figures  are  for  a  path  length 
of  only  a  few  hundred  feet,  where  there  was  not 
a  direct  line  of  sight  path  between  transmitter 
and  receiver.  In  Figure  9  the  pulse  width  has 
been  reduced  to  250  nanoseconds;  transmission 
path  length  is  about  1400  feet. 

Figure  10  sho'.re  the  output  of  the  matched 
filter  for  the  pseudo-random  mode  of  operation 
(top  trace).  The  sweep  speed  was  5  microsecond 
per  division.  The  bottom  trace  shows  output 
of  a  very  fast  rise  time  Schmidt  trigger  (inte¬ 
gral  to  the  TOTES  receivers)  which  was  actuated 
by  the  decoded  sequence.  Using  the  matched 
filter  mode,  we  expect  to  achieve  a  range  res¬ 
olution  of  50  to  100  feet. 


Conclusions 


Synchronized  time-frequency  technology 
offers  attractive  possibilities  for  developing 
a  multi-function  system  for  support  of  Army 
aviation  operations  in  the  post-1975  time  period. 

Advantages  of  such  a  system  include: 

1.  Large  decrease  in  weight  and  space  of 
on-board  electronic  equipment  by  sharing  such 
items  as  frequency  synthesizers,  receiver-trans¬ 
mitter  unit3,  digital  processors,  antennas  and 
power  supplies. 

2.  Implementation  of  additional  functions 
which  are  urgently  needed,  such  as  air  to  air 
collision  avoidance. 

3.  Increased  information  handling  capacity 
for  Army  aviation,  required  to  cope  with  the 
demands  for  rapid  response  to  changing  tactical 
situations  in  a  congested  aerial  environment. 

4.  Decreased  logistics  and  maintenance 
requirements  for  Army  avionics  equipment,  by 
reducing  the  number  of  different  equipment  boxes, 
implementing  automatic  fault-isolation  procedures 
facilitated  by  use  of  digital  techniques,  and 
use  of  replacable  functional  modules. 

Technological  barriers  which  affect  feasi¬ 
bility  of  such  system  include  multipath  cluttor, 
and  line-of-sight  limitations  of  the  microwave 
frequencies  at  which  the  wide-band  time  ordered 
3y3tem  must  operate.  Problems  of  more  subjective 
nature  involve  such  factors  as  system  redundancy 
and  system  evolution.  The  Avionics  Laboratory 
has  initiated  exploratory  development  activity 
which  will  provide  answers  to  some  of  these  ques¬ 
tions. 


Basic  ideas  for  the  positioning  schemes  dis¬ 
cussed,  and  preliminary  erroi  analyses  relative 
to  their  performance,  are  due  to  vork  performed 
by  Cornell  Aeronautical  Laboratory  under  Avionics 
Laboratory  contract.  The  TOTES  concepts  and 
implementation  to  date  are  the  result  of  joint 
effort  by  the  Advanced  Studies  Team,  Ground  Sys¬ 
tems  Technical  Area  of  the  Avionics  Laboratory, 
with  technical  support  by  the  Electronic  Compo¬ 
nents  Laboratory  of  USAECOM  and  Cornell  Aeronauti¬ 
cal  Laboratory. 
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FREQUENCY  CONTOOL  FOR  TACSCAL  NET  SSB  EQUIPMENT 


Over.  ?.  Layden 

Electronic  Components  Laboratory 
U.  S.  Army  Electronics-  Command 


Summary 

In  WW  II,  the  Korean  conflict  and  later  Arny 
tactical  net  radio  communication  systems  were 
based  on  the  use  of  AM  and  FM  radio  equipment. 
These  equipments  had  certain  requirements  for  the 
frequency  control  systems  which  were  met  by.  the 
.005$  type  crystal  used  in  crystal  saving  cir¬ 
cuitry  to  generate  many  signals.  In  the  past 
number  of  years  the  Army  has  been  developing  sup¬ 
pressed  carrier  SSE  radio  equipment  for  the  UF 
and  lower  VHF  ranges  for  tactical  net  use.  Tills 
report  concerns  tactical  net,  or  point  to  point 
communication  whereas  the  Mallard  system,  pre¬ 
sented  earlier,  is  tactical  trunk  communications . 
In  the  actual  tactical  situation  there  is  an 
interface  between  these  two  separate  systems.  The 
voice  intelligibility  of  these  SSB  equipments 
depends  on  the  frequency  difference  between  the 
transmitter  and  receiver  and  since  a  carrier  is 
not  transmitted  this  has  put  stringent  frequency 
stability  requirements  on  the  reference  oscilla¬ 
tors  in  the  transmitter  and  receiver.  In  the 
future  these  types  of  radio  equipments  will  have 
the  capability  of  secure  voice  communication 
which  ruts  even  more  stringent  frequency  control 
requirements  on  the  frequency  control  system. 

Discussion 

Figure  1  summarizes  present  and  future  fre¬ 
quency  control  requirements  for  SSB  equipment. 

For  present  systems  the  frequency  difference 
allowed  between  equipments  for  normal  voice  com¬ 
munication  is  ho  Hz  which  is  20  Hz  frequency  sta¬ 
bility  for  each  equipment  since  there  is  no  car¬ 
rier  transmitted  between  transmitter  and  receiver. 
This  overall  stability  must  be  met  over  the  tem¬ 
perature  range  and  recalibration  time  requirements 
os  shown;  -40#C  to  +75  °C  and  26  weeks.  For  HF 
equipment  using  worst  case  frequency,  30  MHz,  the 
overall  tolerance  is  6.7  x  10*'.  For  VHF  at  76 
MHz  the  tolerance  is  2.6  x  10*7.  These  figures 
have  been  met  or  closely  approached  by  the  use  of 
oven  controlled  oscillators  and  temperature  com¬ 
pensated  oscillators  utilizing  HC-27  crystal 
units.  Frequency  synthesizers,  controlled  by  the 
reference  oscillator,  with  channel  steps  of  1  kHz 
and  100  Kz  have  been  used.  The  next  generation  of 
equipments  will  have  the  capability  of  secure 
voice  communication  which  upgrades  the  frequency 
control  requirements  on  the  reference  oscillator 
ns  shown  in  the  future  column. 


In  order  to  have  adequate  secure  voice  com¬ 
munication  with  SSB  equipments  it  is  necessary 
that  the,  transmitter  and  receiver  frequency  dif¬ 
ference  be  no  more  than  5  Hz  which  allows  +2.5  Hz 
per  equipment.  This  total  frequency  stability  of 
+2.5  Hz  can  be  divided  broadly  Into  two  require¬ 
ments  (1)  as- a  X'onction  of  temperature  and  (2) 
as  a  function  of  recalibration  time.  The  tempera¬ 
ture  range  is  -4 0°C  to  +75  *C  as  before  but  the 
recalibration  time  period  is  120  weeks  or  2.3 
years.  Time  between  equipment  calibration  is  based 
or.  the  practical  aspects  of  field  vse.  It  is  not 
feasible  for  these  types  of  equipment  to  be  recali¬ 
brated  often.  The  usual  time  period  for  frequency 
recalibration  has  been  26  weeks  but  the  next  equip¬ 
ment  generation  requires  that  no  maintenance, 
therefore  no  frequency  recalibration,  be  performed 
for  ,120  weeks.  The  frequency  tolerance  for  SSB  „ 
secure  voice  using  the  2.5  Hz  figure  is  0. 3  x  10*° 
for  HF  and-  3.3  x  10*°  for  VHF. 

These  future  requirements  are  put  in  graph 
form  on  Figure  2.  This  figure  shows  the  relation¬ 
ship  between  aging/week  and  frequency-temperature 
stability  based  on  a  Af  =  2.5  Hz  per  equipment 
and  a  time  of  120  weeks.  The  total  required  sta¬ 
bility  is  the  addition  of  the  frequency-temperature 
stability  and  aging.  To  meet  the  HF  stability 
requirement,  8.3  x  10  ,  the  combination  of  aging 

and  temperature  stability  must  fall  on  or  below 
the  HF  line.  For  instance,  with  aging  of  1  x  10**®/ 
week  the  oscillator  temperature  stability  would 
have  to  be  7  x  10"°  or  better.  This  Is  shown  as 
point  A.  Likewise  for  worse  aging,  5  x  10*10/wk, 
the  temperature  stability  would  have  to  be  improved 
to  2  x  10*°,  shown  as  point  B.  The  trade-off 
between  aging  and  frequency-temperature  stability 
should  be  noted.  By  sliding  down  the  requirement 
line  as  aging  improves  worse  temperature  stability 
can  be  tolerated  and  vice  versa.  From  the  user 
point  of  view,  it  makes  no  difference  what  the 
aging  or  the  temperature  stability  is  as  long  as 
the  combination  of  these  two  result  in  meeting 
the  8.3  x  10*°  tolerance.  For  VHF  equipment,  up 
to  76  MHz,  the  VHF  line  is  the  limiting  condition. 
Points  A  and  B  will  be  referred  to  later  on  Fig.  5 
as  to  the  aging  needed,  that  is  point  A  corres¬ 
ponds  to  aging  of  1  x  10"*°/vk  and  point  B  to 
5  x  10"iL/wk.  Also  note  that  the  temperature 
stability  for  point  B  will  meet  VHF  requirements 
if  the  aging  is  improved  to  1  x  10"*°/vk.  This 
figure  shows  the  need  for  aging  figures  of  1  to 
5  x  10*+®/ wk  coupled  with  oscillator  frequency- 
temperature  stability  of  parts  in  10°. 


Figure  3  shows  these  same  requirement  lines 
drawn  to  a  different  scale  and  they  appear  in  the 
lower  left  hand  corner.  Present  state  of  the  art 
is  shown  as  point  C  which  represents  aging  of 
50  x  lO'/^wk  and  frequency  temperature  stability 
of  50  x  10'°  for  a  TCXO.  Experimental  units  have 
exhibited  aging  of  10.x  10*io/wk  and  temperature 
stability  of  20  x  10*°  as  shown  by  point  D.  Even 
these  experimental  units  are  not  close  to  meeting 
the  requirements. 

lb  show  the  types  and  relative  size  of  fre¬ 
quency  control  components  discussed  in  this  report 
Fig.  h  gives  some  examples.  The  crystals  shown 
are  the  glass  enclosed  HC-27,  being  used  extensive¬ 
ly  at  th-.i  time  and  the  newer  development, 
the  coldweld  crystal.  The  TCXO,  on  the  left,  and 
oven-oscillator  on  the  right,  make  use  of  crystals 
of  the  HC-27  type.  The  synthesizer  shown,  in  the 
middle,  has  as  an  integral  part,  a  TCXO  used  as  the 
reference  oscillator.  All  output  signals  have 
the  frequency  stability  of  this  reference  oscil¬ 
lator. 

Low  Power  Crystal  Oscillator 

In  the  area  of  low  power  crystal  oscillators, 
Fig.  5  gives  general  information  on  frequency- 
temperature  stability  as  a  function  of  power  con¬ 
sumption  for  three  types  of  oscillators  and  shows 
their  relation  to  the  needs  in  this  area.  Point 
A  and  B  requirements,  taken  from  Fig.  2,  are  shown 
on  the  right  in  this  figure.  The  cross  hatched 
areas  are  the  requirements  based  on  a  maximum 
acceptable  average  power  consumption  of  250  mW, 
at  the  lowest  ambient  temperature.  The  point  A 
cross  hatched  area  is  the  HF  requirement  if  aging 
is  1  x  10'10/wk.  That  is,  with  this  aging  the 
requirement  is  met  if  the  frequency-temperature 
stability  is  7  x  10'®  or  better  and  power  consump¬ 
tion  is  250  mW  or  less.  The  point  B  cross  hatched 
area  is  based  on  HF  requirement  with  aging  of  5 
x  10' 


"^■Vwk  or  the  VHF  requirement  with  aging  of 
10*10/ Wk.  jn  both  cases  requirements  are  m 


metg 


1  x  10' 

with  a  frequency-temperature  stability  of  2  x  10' 
or  better  and,  again,  power  consumption  of  250  mW 
or  less.  In  all  oases  the  r equirement  is  met  if 
the  frequency-temperature  stability  vs.  power  con¬ 
sumption  falls  within  the  cross  hatched  areas. 

The  TCXO  point  has  resulted  from  the  work 
done  by  CTS  Knights  under  contract  to  ECOM  and 
shows  stability  of  20  x  10*°  and  power  consumption 
of  about  50  mW.  The  TCXO-oven  combination  work 
w vs  carried  on  under  previous  contracts  with 
USAECOM.  The  approach  was  to  put  a  TCXO  into  an 
oven  that  operates  at  0°C  so  that  the  TCXO  never 
sees  a  temperature  below  0°C.  A  stability  of 
10  x  10*°  with  power  consumption  of  175  mW 
resulted.  For  the  oven-oscillator  the  point  is 
shown  that  it  meets  frequency-temperature  sta¬ 
bility  requirements  of  2  x  10*®  but  its  power 
consumption  is  off  scale.  This  figure  reinforces 
the  point  that  the  present  experimental  state  of 
of  the  art  does  not  approach  what  is  needed.  The 


TCXO  has  the  low  power  capability  but  not  the  fre¬ 
quency  stability.  At  the  other  end  the  oven- 
oscillator  exhibits  the  needed  frequency  stability 
but  the  power  consumption  is  too  high.  The  fur¬ 
ther  development  of  the  TCXO-oven  combination  has 
a  chance  of  meeting  point  A  requirements.  Other 
factors  not  shown  on  the  graph  are  cost,  it  must 
be  low,  size,  it  must  be  6mall,  and  warmup  time. 

As  to  warmup  time  it  is  required  that  the  oscil¬ 
lator  be  within  tolerance  within  one  minute  fro n 
the  lowest  ambient  temperature,  -kO°C.  Higher 
power,  as  high  as  ten  wutts,  is  allowed  for  this 
short  period  of  time.  The  TCXO  can  meet  this, 
the  oven  cannot.  This  requirement  is  quite  impor¬ 
tant  for  tactical  net  equipment  and  will  be  diffi¬ 
cult  to  meet.  It  is  necessary  to  apply  considera¬ 
ble  heat  to  the  crystal  quickly  which  sets  up  tem¬ 
perature  gradients.  This  causes  frequency 
changes  and  out  of  tolerance  operation.  Present 
information  on  oven  units  is  warmup  time  of  a 
number  of  minutes  is  needed. 

To  obtain  an  oscillator  with  a  frequency- 
temperature  stability  of  2  x  10*°,  point  B  require¬ 
ment,  which  is  needed  for  HF  (with  5  x  lO'^/wi: 
aging)  and  VHF  (with  1  x  10*lu/wk  aging),  use  of 
an  oven  appears  to  be  the  best  approach.  The 
problem  is  to  reduce  the  power  consumption  dour, 
to  less  than  250  mW,  Present  design  normally  has 
the  crystal  and  circuitry  as  separate  packages 
which  ure  housed  in  the  temperature  controlled 
chamber.  This  results  in  large  volume  und  high 
power.  An  approach  that  appears  to  have  high 
promise  is  to  house  the  crystal,  temperature 
sensor,  critical  circuitry  and  heater  in. one  .’vac¬ 
ated  enclosure.  With  a  good  vacuum,  10"  to  P'  , 
maximum  heater  power  in  the  order  of  r,o  to  1.*  1 
should  result.  Uncontrolled  heat  producing  cir¬ 
cuitry,  voltage  regulators,  isolation  amplifiers 
would  be  housed  in  a  separate  package.  To  get 
fast  on-frequency  warmup  it  will  be  necessary  to 
have  good  thermal  contact  between  the  heater  and 
crystal  perhaps  by  depositing  heater  material  on 
the  quartz  or  by  having  the  heater  and  crystal 
very  close  to  each  other.  The  effect  on  crystal 
aging  of  having  components  in  the  sa.ve  evacuated 
holder  as  the  crystal  or  depositing  heater  mater¬ 
ial  on  the  quartz  must  be  determined.  There  may 
be  feasible  tradeoffs  between  oven  power  and 
crystal  aging. 

Crystal 

The  crystal  used  in  this  oven-oscillator  or 
TCXO  must  be  of  the  low  aging  type  or  else  the 
good  frequency-temperature  stability  is  wasted. 
Figure  6  gives  information  on  the  extent  of  the 
low  aging  crystal  and/or  oscillator  problem.  The 
straight  lines  show  the  requirement  on  aging  vs. 
time  for  a  rate  of  5  x  10**°/wk  and  1  x  lO’^/wk 
for  a  120  wk  period.  An  actual  aging  curve  for 
a  temperature  compensated  crystal  oscillator  using 
an  HC-27  crystal  is  shown.  This  oscillator  fails 
to  meet  the  requirement  by  about  a  factor  of  two. 
This  oscillator  is  not  the  best  of  the  group  but 
is  reasonably  typical  of  the  oscillators  under 
aging. 


The  crystal  aging  curve  shown  Is  an  actual  loop  arrangement  to  generate  the  needed  signals, 

crystal  and  is  also  reasonably  typical  of  a  number  Indirect  type  not  using  crystal  oscillators  in 
of  coldwcld  crystals.  This  coldweld  sealed  crys-  this  manner  have  also  been  developed.  Equipment 

tal  was  sealed  in  a  vacuum  of  about  10'^,  after  a  now  in  development  or  just  developed  witu  small 

high  temperature  bakeout  at  300 °C  for  two  hours.  or  large  channel  steps,  are  utilizing  indirect 

It  misses  the  requirement  by  about  a  factor  of  two  synthesizer  techniques  with  digital  counter  divide 

and  its  shape  is  typical  of  the  group  of  crystals  by  N  circuitry  in  a  phase  lock  loop  (s).  Generally 

tested,  that  is  initial  aging  upward  which  soon  speaking  these  latter  synthesizers  can  be  made 

becomes  negative  and  st'ys  negative.  The  crystal  small  but  not  low  power.  The  high  power  results 

shown  is  not  the  best  ol  the  group  but  is  what  can  to  a  large  extent  by  the  digital  counter  circuitry 

typically  be  expected  fro:,  the  group.  The  crys-  so  one  approach  to  decreased  power  is  the  develop- 

tals  arid  oscillators  were  held  at  60°C  throughout  ment  of  low  power  divider  circuits.  Another  nosei- 

the  tests.  bility  is  the  combination  of  techniques  us 

spectrum  generation  to  obtain  the  big  channel  steps 

Frequency  Synthesizers  and  divide  by  N  circuitry  for  the  smaller  steps. 


All  of  the  preceding  discussion  has  been  con¬ 
cerned  with  the  reference  oscillator,  circuit  and 
crystal,  which  is  needed  to  stabilize  the  output 
frequency.  This  reference  oscillator  is  used  to 
drive  a  frequency  synthesizer  which  generates  the 
many  signals  needed  for  the  radio  equipment.  The 
reference  oscillator  could  be  any  frequency,  how¬ 
ever,  5  MHz  has  become  quite  common  for  these 
applications.  This  signal  is  used  togsnerate  all 
output  signals  needed  for  the  HF,  2-30  MHz,  equip¬ 
ment,  however,  the  synthesizer  output  need  not  and 
usually  does  not  cover  this  range  but  a  range 
depending  on  the  radio  set  design. 

Figure  7  gives  a  general  representation  of 
the  present  art  in  HF  and  VHF  synthesizers  for 
oS3  equipment  and  a  view  of  the  future  needs  in  this 
area.  Presently  in  these  small  synthesizers  spur¬ 
ious  signals  of  1*0-60  dB  and  worse-  exist  in  the 
output  signal.  An  upgrading  to  the  80  dB  level  is 
needed  and  to  the  100  dB  level. is  desirable. 

Phase  jitter,  normally  not  a  requirement,  is  in 
the  range  5"15°  sow.  -V.lt h  future  secure  voice 
radio  3ets,  since  digital  transmission  is  the 
means  of  security,  phase  Jitter  of  no  more  than 
2  to  5°  measured  in  a  13  millisecond  time  period 
is  a  necessity.  Presently,  noise  figures,  mea¬ 
sured  in  a  3  kHz  3.W. ,  100  kHz  from  the  carrier, 
are  in  the  00  dB  range.  Noise  must  be  decreased 
to  the  125  dB  level  in  order  to  help  solve  the 
problem  of  a  transmitter  densensitizing  nearby 
receivers.  It  Is  necessary  to  decrease  the  size 
and  power  consumption  of  these  units  and  it  is 
highly  desirable  that  the  figures  be  os  small  as 
possible  consistent  with  performance.  Synthesizer 
design  in  now  based  on  a  particular  radio  set 
development  and  or.  the  particular  engineers  on  the 
Job.  Future  needs  call  for  modular  type  design  so 
that  modules  used  for  narrow  chunnol  spacing  SSB 
equipment  can  be  used  to  the  maximum  extent  for 
VHF  FM  and  IJHF  AM  radio  systems. 

Frequency  synthesizer  techniques  for  Army 
tactical  not  radio  equipment  in  the  phast  few 
years  have  been  of  the  indirect  typo.  These  syn¬ 
thesizers  have  used  spectrum  generators  along 
with  multi-crystal  oscillators  in  a  phase  locked 


Conclusion 

The  present  state  of  the  art  in  frequency 
control  for  tactical  net  SSB  equipment  has  been 
covered  along  with  the  future  needs  in  this  area. 
The  need  for  crystal  aging  of  1  to  5  x  lO'^ywk 
and  low  power  crystal  oscillator  frequency-temper¬ 
ature  stability  of  parts  in  10°  have  beer,  estab¬ 
lished.  In  addition  the  needs  in  the  frequency 
synthesizer  area  have  been  shown.  Possible  ap¬ 
proaches  to  meeting  the  future  requirements  have 
been  outlined. 
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FREQUENCY  SYWTHESI2ER  REQUIREMENTS  1 

Present 

Future 

Frequency  Range 

Use  In  HF 
&VHF  Radio 

Same 

Channel  Stew 

100  HZ 

Same 

Spurious  Signals 

40  -  60  dB 

80  -lOOdB 

Rhase  J'“er 

S  -15° 

2  -5° 

Noise 

10  dB* 

125  dB* 

Parer 

1  -  4  watts 

low 

Size 

»-  40  cu.  In. 

Small 

Design 

Individual 

Modular 

•Measured  In  a  UKz  tsanduldth.  100  kHz  Iron  carrier. 
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Humphry  Smith 

Royal  Greenwich  Observatory 
Herstmonceux  Castle, 
Hallsham,  Sussex. 


Universal  Time  (UT)  is  the  term  used  in 
scientific  contexts  in  place  of  the  name 
Greenwich  Mean  Time  (GMT)  used  formerly  .in  all 
fields  and  still  widely  employed,  especially 
in  navigation  and  general  maritime  usage,  and 
in  communications  (for  example,  in  the  Radio 
Regulations  of  the  International  Telecommunica¬ 
tion  Union).  UT  i3  related  to  the  angular 
position  of  the  rotating  3arth  with  respect 
to  the  Sun.  In  practice,  the  rotation  of  the 
Earth  is  measured,  not  by  direct  observations 
of  the  Sun,  but  by  those  of  star  transits,  which 
are  more  precise.  From  the  star  observations 
sidereal  time  is  determined,  and  thi3  is  converted 
into  mean  solar  time.  Mean  solar  time  observed  on 
the  Greenwich  meridian  (or  corrected  to  Greenwich 
by  the  application  of  a  longitude  correction) 
is  known  as  UT. 

In  the  process  of  time  determination  from 
astronomical  observations,  corrections  are 
applied  for  a  number  of  well-known  causes  of 
variation:-  precession,  nutation,  parallax, 
proper  motions  of  stars  and  aberration.  Since 
1940  the  published  results  of  the  Greenwich  Time 
Service  have  also  been  corrected  for  the  effects 
of  polar  variation  (a  wobble  of  the  Earth  on  its 
axis).  Since  1953  corrections  for  polar  variation 
and  for  a  seasonal  fluctuation  in  the  rate  of 
rotuticn  of  the  Earth  (due  to  world-wide  meteorolo¬ 
gical  changes)  have  been  applied  to  all  UK  time 
signal?.  This  Greenwich  smoothed  system  of  UT 
was  called  Provisional  Uniform  Time  (PUT),  and 
in  1955  it  wa3  used  as  the  basis  for  the  initial 
calibration  of  the  caesium  atomic  beam  standard 
developed  at  the  National  Physical  Laboratory. 

Prom  January  1956,  by  international  agreement, 
tlireo  types  of  UT  were  recognised:  UTO  based 
directly  on  the  stellar  observations)  UT1 
incorporating  corrections  for  the  effects  of  jdar 
variation;  UT2  incorporating  an  additional 
correction  for  the  estimated  effect  of  the 
seasonal  fluctuation.  The  corrections  to  be 
applied  are  adopted  and  made  available  by  the 
Bureau  International  do  l'Heure.  All  time-keeping 
observatories  were  requested  to  adhere  to  UT? 
for  the  control  of  radio  time  signals. 

While  the  adoption  of  UT2  removed  two  impor¬ 
tant  variations  of  a  periodic  nature,  there 
remain  a  suspect  d  progressive  retardation  (of 
the  order  of  .an  second  per  century)  and 
irregular  changes  which,  by  their  very  nature, 
are  inherently  unpredictable.  It  i3  the  cumula¬ 
tive  effect  of  these  irregular  changes  which 
inhibit  the  use  in  many  current  applications  of 
a  time  scale  based  directly  on  the  rotation  of 
the  Earth. 


The  superior  stability  of  quartz  oscillators 
led,  as  long  a ga  as  1944,  to  a  new  method  of 
control  of  UK  time  signals.  The  daily  rate  of 
the  signals  was  kept  as  constant  as  possible 
(in  terns  of  a  mean  of  the  quartz  clocks  then 
available)  and  precise  step  adjustments  were 
made,  when  necessary,  on  a  Wednesday,  to  maintain 
agreement  with  UT.  The  successful  realisation 
of  an  atomic  standard  in  1955  made  it  possible 
to  define  a  uniform  time  scale  with  greater 
precision,  and  the  use  of  modem  astronomical 
instruments,  such  a3  the  PZT  and  Danjon  astrolabe, 
reduced  the  observational  scatter  in  the  deter¬ 
mination  of  UT. 

The  frequency  of  the  caesium  beam  atomic 
standard  was  first  measured  in  terms  of  the 
second  of  PUT  (the  antecedent  of  UT2),  but  by 
1956  the  frequency  had  been  measured  in  terms 
of  the  second  of  Ephemeris  Time  (ET).  Epheneris 
Time  is  a  uniform  astronomical  time  which  nay  be 
regarded  as  being  based  on  the  year  (the  period 
of  the  annual  motion  of  the  Earth  around  the  Sun) 
instead  of  on  the  diurnal  period  of  rotation  of 
the  Earth  on  its  axis.  In  practice  it  is  deter¬ 
mined  from  observations  of  the  motion  of  the 
Moon.  It  is  free  from  any  of  the  variations 
associated  with  the  rotation  of  the  Earth  and  is, 
therefore,  directly  comparable  with  at  >mic  time 
if  we  ignore  the  possibility  of  very  small  rela¬ 
tivistic  effects.  For  all  practice!  purposes, 

ET  and  AT  may  be  reg  rled  as  equivalent  in  rate, 
and  differing  by  a  fixed  ir.terv,.!  in  nnooh. 

A  clear  need  therefore  arise  for  service 
of  radio  time  signals  which  >v..»ul-l  nrovi.io  t 
constant  rate  (based  on  AT)  and  time  markers 
which  would  remain  within  an  acceptable  limit 
of  UT.  The  system,  now  known  as  U7C,  w  first 
proposed  by  Essen  for  tue  control  01  t.no  standard 
frequency  emission  Mils’,  Rugby,  England.  In  1955 
it  wu3  announced  thus  the  service  would  be  based 
on  the  nominal  frequency  of  caesium  in  terns  of 
the  second  of  ET,  out  that  tr.e  actual  frequency 
employed  would  be  ofisel  by  0  '  rearranged  mount 
to  bring  th>.  tj.xr  signals  into  satisfactory 
agreement  wit.a  dT2.  Tne  amount  of  the  offset 
remained  unchanged  for  a  calendar  year,  but 
was  revised  annually,  as  necessary,  in  the  light 
of  current  astronomical  observations.  If, 
during  the  course  of  a  year,  the  departure  of  the 
signal?  from  UT2  exceeded  a  stated  limit,  a  step 
adjustment  was  made  to  the  radiated  time  signals. 

Ir.  I960  the  MSF  and  GBR  signals  were  co¬ 
ordinated  on  the  UTC  system,  and  in  1961  the 
time  services  of  USA,  Canada  and  UK  were 
co-ordinated.  Change  1  in  the  offset  and  the 
duteo  of  stej  adjustments  were  a  matter  of 
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informal  agreement  between  the  USIIO  and  the  RGO. 
Other  administrations  decided  to  keep  in  step 
with  the  co-ordinated  stations,  and  shortly 
afterwards,  UTC  was  formally  recommended  for 
universal  adoption  (IAU  1961  and  CCIR  1963)  with 
the  Bureau  International  de  l’Heure  acting  as 
the  co-ordinating  authority.  Minor  modifications 
have  been  made  on  the  advice  of  IAU,  URSI,  CCIR, 
but  the  system  has  remained  basically  the  3ame. 

In  general,  it  has  succeeded  in  meeting  all  essen¬ 
tial  needs.  A  careful  re-appraisal  of  the  system 
has,  however,  been  called  for  in  the  light  of  the 
adoption,  in  1967,  by  the  Thirteenth  General 
Conference  of  Weights  and  Measures,  of  an  atomic 
definition  of  the  second  as  the  unit  of  time  in 
the  International  System  of  Units  (Si),  As  an 
immediate  consequence  of  this  decision,  there  is 
a  strong  demand  that  the  time  pulses  should  be  at 
intervals  of  exactly  one  (S.I.)  second;  this 
implies  the  abolition  cf  the  offset  in  the  equip¬ 
ment  generating  the  pulses.  In  general,  the  same 
oscillator  controls  both  the  pulses  and  the 
carrier  frequencies.  In  any  case,  there  is  an 
equally  strong  desire  to  abandon  the  offset  in 
the  carrier  frequencies,  so  that  frequency  is 
measured  directly  in  terms  of  the  SI  second 
without  any  corrections.  At  present  UTC  is 
maintained  within  0.1  second  of  UT2;  step 
adjustments  are  exactly  0.1  second,  and  are  made 
on  the  first  day  of  a  month  (the  date  having 
been  announced  at  least  a  month  in  advance);  the 
offset  is  in  multiples  of  50  X  10-10.  A  proposal 
has  been  made  by  CCIR  Stutv  Group  VII  that  the 
limits  should  be  extended  to  approximately  0.5 
second  (in  practice,  under  the  CCIR  scheme,  the 
limit  would  beof  the  order  of  0.7  second);  there 
should  bo  no  offset;  step  adjustments  should  be 
made  on  the  first  day  of  a  month  (to  be  announced) 
and  should  be  of  exactly  1  second. 

In  order  to  discuss  the  implications  of  the 
adoption  of  these  proposals,  it  i3  necessary  to 
consider  what  divergencies  may  be  oxpected 
between  the  signals  (with  a  rate  corresponding 
to  AT,  which,  as  previously  mentioned,  corres¬ 
ponds  to  ET)  and  UT2.  In  die  year  1900  the  length 
of  a  mean  solar  day  (that  is,  a  day  of  86,400  UT 
seconds)  was  very  close  to  86,400  SI  seconds. 

The  day  i3  now  some  0.0025  seconds  longer.  From 
an  examination  of  the  records  of  the  pa3t  changes 
of  UT  with  respect  to  ET,  D.  H,  Sadler  hue 
deduced  the  following  figures  as  the  reasonable 
limits  to  the  variations  which  might  be  expected 
in  the  near  future  (say  up  to  the  year  2000). 

Length  of  the  mean  solar  day  86,400  from 
-0.0015  to  +0.0075  SI  secs. 


Predictability  of  UT2 


3  months  +0.1  seconds 
6  months  +0.4  seconds 

1  year  +0.9  seconds 

2  years  +2.0  seconds 


The  probable  error  of  prediction  i3,  of 
course,  smaller,  but  in  thi3  instance,  it  is  the 
possible  maximum  errors  which  are  of  importance. 


You  nay  have  heard  of  the  man  who  was  drowned 
fording  a  river  of  average  depth  of  four  feets 
the  prudent  navigator  does  not  hazard  his  craft 
on  probabilities. 

It  is  important  to  notice  that  the  present 
limit  of  0.1  second  in  the  departure  between 
UT2  and  UTC  corresponds  to  the  human  limit  of 
time  discrimination.  There  is,  therefore,  no 
hardship  to  ihe  navigator,  surveyor  or  satellite 
observer  using  eye-and-ear  methods  of  comparison. 

Any  increase  in  the  permitted  departure  will 
increase  the  number  of  users  who  will  need  to 
apply  corrections.  The  relevant  corrections  may 
be  (i)  promulgated  beforehand  (subject  to  the 
prediction  limits  quoted);  (ii)  broadcast  in 
coded  form  in  the  radio  time  signal  emissions 
or  (iii)  communicated  subsequently.  Since  for 
some  applications  it  is  not  practicable  to  make 
the  corrections  in  arrear,  the  CCIR  scheme 
proposed  the  use  of  coded  corrections.  It  may 
be  rioted  in  passing  that  if  a  completely 
.satisfactory  method  of  giving  coded  corrections 
could  be  devised,  the  limits  of  departure  from 
UT2  might  be  further  widened,  but  this  would 
necessitate  the  application  of  corrections  by, 
many  users  who  are  now  satisfied  with  the  signals 
a3  radiated.  Two  objections  to  the  U3e  of  coded 
corrections  have  been  pointed  out.  It  is  the 
field  user  and  the  navigator  who  will  be  required 
to  apply  corrections,  and  they  will  not  have 
available  the  elaborate  equipment  of  the 
laboratory-borne  scientist,  or  engineer.  Under 
poor  radio  propagation  conditions,  the  coded 
message  may  not  be  100$  readable,  and  there  is  a 
risk  of  error  which  could  prove  serious.  The 
second  objection  is  that  many  users  do  not  listen 
to  the  major  radio  time  signal  emissions,  but 
make  use  of  "talk  .ng-clocks"  or  time  signals 
radiated  in  broadcast  radio  programmes.  It  is 
difficult  to  see  how  coded  corrections  could  be 
applied  to  all  time  signal  emissions. 

On  the  question  of  step  adjustments,  there 
is  again  some  division  of  opinion.  For 
co-ordinatior.  with  world-wide  networks  of  radio 
navigational  systems  there  is  an  advantage  in 
making  the  steps  exactly  one  second:  tr.is  involves 
no  physical  readjustment  of  the  system,  but 
merely  a  re-numbering  of  the  pulses.  The  date 
of  a  step  adjustment  would  be  announced,  say, 
a  month  in  advance.  On  the  other  hand,  some 
users  prefer  fixed  dates  for  adjustments.  This 
minimises  the  importance  of  the  prior  notifica¬ 
tion  (which  may  fail  to  arrive)  but,  unless  the 
limits  are  to  be  further  extended,  necessitates 
some  flexibility  in  the  amount  of  the  adjustment: 
n  x  0.2  second  h«3  been  suggested.  In  discussions 
at  the  Bureau  International  des  Poid3  et  Mesures 
the  possibility  of  two  co-existent  systems  was 
regarded  ns  acceptable.  The  CCIR  Study  Group  VII 
meeting  at  Boulder  was  strongly  in  favour  of 
one  3y3tem. 

Any  modilirntion  of  UTC  which  retains  the 
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present  feature  of  step  adjustments  is  regarded, 
by  many  people  concerned,  as  a  step  towards  the 
eventual  adoption  of  an  atomic  time  scale  for  all 
purposes,  (with,  perhaps,  very  rare  adjustments  to 
avoid  the  accumulation  of  a  large  departure 
from  UT2) .  Such  a  drastic  change  would  have  wide 
repercussions  and,  indeed,  might  well  require 
legislative  action  in  the  definition  of  legal  and 
civil  time.  The  feasibility  cf  using  AT  in 
astronomical  survey  and  navigation  is  being 
investigated.  Although  AT  is  not  exactly 
identical  with  ET  the  independent  variable  of 
celestial  mechanics,  it  i3  possible  to  calculate 
geocentric  ephemerides  of  the  Sun,  Moon,  planets 
and  stars  to  high  precision  in  terms  of  A.T. 

A  (movablo)  meridian  -  the  Atomic  Meridian  -  is 
conceived  a3  rotating  round  the  Earth's  axis, 
but  independent  of  the  Earth  itseli ,  at  a 
uniform  rate  of  one  revolution  in  86,400  seconds; 
all  the  operations  and  tabulations  directed 
towards  determining  position  on  the  Earth's 
surface  can  then  be  carried  out  in  terms  of  A.T. 
relative  to  the  Atomic  Meridian,  Observations 
enable  the  position  of  the  Greenwich  Meridian 
(the  zero  of  longitude)  to  bo  obtained  relative 
to  the  Atomic  Meridian,  and  thus  longitudes 
measured  from  the  Atomio  Meridian  can  be  converted 
to  true  longitudes.  Since  the  Earth  is  now 
rotating  more  slowly  than  in  1900  the  Greenwich 
Meridian  lags  increasingly  behind  the  Atomio 
Meridian;  Greenwich  (we3t)  longitudes  will  thus 
always  be  less  than  Atomic  (west)  longitudes, 
and  Greenwich  Hour  Angles  will  also  always 
be  less  than  Atomic  Hour  Angles  (i.e,  hour  angles 
measured  from  the  Atomic  Meridian)* 

The  national  astronomical,  navigational  and 
surveying  ephemoride3  can  tabulate  either  right 
asconsion  (or  S.H.A.)  or  Atomic  Hour  Angle,  with 
declination,  in  terms  of  A.T. 


One  result  of  the  enquiries  that  have  been 
made  concerning  the  acceptability  of  the  CCIR  . 
scheme  has  been  a  careful  reconsideration  of  the 
needs  of  the  many  users  of  radio  time  signals. 
The  users  of  UT  are  engaged  in  a  wide  field 
of  activities  and  there  is  no  international 
organisation  which  is  fully  representative 
of  their  varied  requirements.  It  ha3  become 
increasingly  apparent  that  the  formulation  of 
a  simple  universally  satisfactory  system  is 
no  easy  task.  It  is  also  evident  that  the 
widest  possible  publicity  must  be  given  to  the 
repercussions  of  any  proposed  scheme  before 
any  hasty  action  is  undertaken.  Is  it  necessary 
to  insist  upon  one  universal  compromise  system, 
or  is  it  possible  to  contemplate  the  existence 
of  two  different  systems  each  designed  to  meet 
a  particular  need?  If  coded  corrections  are 
to  form  an  essential  part  of  the  scheme  to  be 
adopted,  what ‘form  of  coding  would  prove  most 
reliable  in  p.actice?  Many  interested  parties 
emphasise  the  urgency  of  reaching  a  decision. 

On  the  other  hand,  it  would  clearly  be  undesir¬ 
able  to  adopt  a  system  which  would  be  subject 
to  further  lengthy  discussion  end  successive 
modifications.  There  are  very  many  U3er3  who, 
in  answer  to  the  question  "what  is  the  time", 
will  demand  an  exact  and  unequivocal  answer. 
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Summary 


The  piezoelectric  strain  coefficient  dn  of 
alpha  quartz  has  been  studied  by  many  investiga¬ 
tors  since  the  discovery  of  the  effect  in  1880. 

A  marked  lack  of  agreement  exists  among  the  values 
reported  which  range  from_6.3  to  7.1  x  10"8  cm/ 
stctvolt  [2,1  to  2.3  x  10" 10  coulAiewton].  Al¬ 
though  the  unweighted  average  of  all  the  values 
reported  is  about  6.53  authorities  have  generally 
accepted  the  value  6.9  on  the  basis  that  the  ex¬ 
perimental  errors  tend  to  make  the  measured  values 
too  low.  Curiously,  the  values  tend  to  fall  near 
the  upper  and  lower  enas  of  the  range  with  rela¬ 
tively  few  values  near  the  average.  Ho  relation¬ 
ship  is  apparent  between  the  method  of  measurement 
and  the  result  obtained. 


The  present  measurements  have  been  made  on  a 
single  bar  of  quartz  using  a  Fabry-Perot  Dilatom- 
eter  to  measure  the  strain.  The  results  of  37 
independent  measurements  made  over  a  period  of_ 
several  months  yield  the  value  dn  >=  6.55  x  lo"8 
cm/statvolt  in  excellent  agreement  with  the  aver¬ 
age  of  all  previous  measurements.  The  values  show 
the  usual  tendency  to  fall  near  the  upper  and  low¬ 
er  ends  of  the  range  with  few  near  the  average  va¬ 
lue.  The  average  deviation  is  0.18, 

Further  work  is  planned  using  specimens  cut 
from  a  number  of  different  crystals  including  syn¬ 
thetic  quartz.  Further  refinements  of  the  exper- 
iemntal  technique  are  also  planned. 


Key  Word3  (for  information  retrieval). 
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Introduction 


The  piezoelectric  strain  coefficient  a  is  de¬ 
fined  as  j  _  ^p_  _  ^ 


as 


where  P  is  the  polarization,  X  is  the  stress,  x 
is  the  strain,  and  E  is  the  electric  field  inten¬ 
sity.  In  (articular  the  coefficient  dn  in  alpha 


or 


d.t 
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The  piezoelectric  coefficient  d,2  --  -dn 
may  likewise  be  defined  as  either 


by 


or 
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where  the  subscripts  denote  the  oirections  of  tne 
various  quantities.  Thus  we  have  four  relation¬ 
ships  by  means  of  which  dn  can  be  di-termined. 

In  this  paj er  these  are  cesignated: 


Method  I 
Metnod  II 
Metnod  III 
Method  IV 


Direct-Longitudinal  Eq.  1 
Converse-Longitudinal  rq.  2 
Direct-Transverse  l.-.i .  3 
Converse-Longitudinal  Lq.  A 


Units  Since  the  piezoelectric  strain  coef¬ 
ficient  d  may  be  expressed  either  as 

polarization  _ strain 

stress  field  intensity 

the  value  may  be  given  either  as  co-uombs  hiewton 
or  meters  'volt.  In  the  older  literature  a  is  us- 
ally  expressed  as  cm/statvolt  although  other  units 
are  sometimes  found.  The  value  in  M.K.S,  units 
may  be  converted  to  cgs  esu  by  multiplying  the 
value  in  M.K.S.  units  by  3  x  lo\ 

Static  Measurements  An  X-cut  plate  with  e- 
lectrodes  covering  the  major  surfaces  is  used  in 
Methods  I  and  II.  In  Method  I  pressure  is  ap¬ 
plied  in  the  thickness  direction  and  tne  result¬ 
ing  charge  is  measured  by  a  ballistic  galvanome¬ 
ter,  electrometer  or  some  other  suitable  means. 
Brief  descriptions  of  several  of  the  experimental 
are  given  by  Sosman  (1).  In  Method  II  an  elec¬ 
tric  field  is  applied  in  the  X-airection  nnc.  the 
resulting  change  of  thickness  is  measured. 

An  X-cut  bar  is  used  in  Methods  III  and  IV, 
The  bar  is  cut  with  its  smallest  dimension  para¬ 
llel  to  the  X-axis  and  its  longest  dimension  pa¬ 
rallel  to  the  Y-axis,  In  Method  III  a  longitud¬ 
inal  stress  is  applied  to  the  bar  in  the  Y-di- 
rection  and  the  resulting  polarizaiion  in  the  X- 
direction  is  measured  by  tne  same  techni  ues  used 
in  Method  I,  In  Method  IV  the  electric  field  is 
applied  in  the  X-direction  and  the  resulting  lon¬ 
gitudinal  strain  in  the  Y-oirection  is  measured. 

Most  of  the  measurements  of  d, ,  have  been 
made  using  Methods  I  and  III,  Three  determina¬ 
tions  have  been  marie  using  Method  IV  and  only  one 
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appears  to  have  been  made  using  Method  II. 

Methods  I  and  II  involve  the  measurement  of 
mechanical  stresses  and  electrical  charges  where¬ 
as  Methods  II  and  IV  involve  the  measurement  of 
the  mechanical  strains  and  electric  fields.  The 
mechanical  stresses  are  very  much  easier  to  mea¬ 
sure  than  the  small  strains  produced  by  the  pie¬ 
zoelectric  effect  thereby  accounting  for  the  pre¬ 
ference  shown  for  Methods  I  and  III.  On  the  other 
hand  measurement  of  the  small  electrical  charges 
developed  in  Metnods  I  and  III  is  quite  difficult 
whereas  the  measurement  of  the  applied  field  is 
relatively  simple.  The  principle  source  of  error 
in  Methods  I  and  III  are  those  involved  in  measur¬ 
ing  the  values  of  the  small  electric  charges. 

The  following  Table  I  shows  the  values  of  d,, 
[in  esu]  measured  by  static  methods  reported  in 
the  literature.  The  methods  used  by  the  various 
experimenters  are  also  indicated. 


TABLE  I 

Source 

811 

Method 

P.  and  J.  Curie 

(2) 

6.32  x  10 

8  I,  III 

Czerm&k 

(3) 

6.3 

I 

Riecke  and  Voight  (4) 

6.45 

I 

Pockels 

(5) 

6.27 

III 

Nachtikal 

(6) 

6.54 

I 

J.  Curie 

(7) 

6.90 

III 

Veen 

(8) 

6.32 

III 

Hayaehi 

(9) 

6.31 

I 

Rbentgen 

(10) 

6.94 

I,  III 

Tsi-Ze 

(11) 

6.4 

II,  IV 

Dawson 

(32)  Ave. 

6.13 

I 

Seidl 

(13) 

6.90 

III 

Gunther 

(14) 

6.35 

IV 

Knol 

(15) 

6.83 

Osterberg 

(16) 

6.22 

IV 

Clay  and  Harper 

(17) 

6.80 

I 

Langevin 

(18) 

7.10 

III 

iiidy 

(19) 

6.54 

III 

Average 

6.53  x  10' 

-is 

An  analysis  of  the  above  values  reveals  a  cur¬ 
ious  fact.  The  distribution  of  the  experimental 
values  does  not  approach  a  normal  distribution 
curve.  The  average  of  the  18  values  is  6.53.  Cady 
(20)  and  Sosman  (21)  have  adopted  the  value  dn  » 
6.9  on  the  basis  that  the  experimental  errors  are 
most  likely  to  tend  toward  low  values.  Neverthe¬ 
less  it  is  difficult  to  explain  why  nc  less  than 
eight  of  the  eighteen  measurements  should  fall  be¬ 
tween  6.2  and  6.4,  five  between  6.8  and  7,Ci.while 
only  four  fall  in  the  range  6.4  to  6.8. 

Dynamic  or  Resonant  Methods  The  piezoelec¬ 
tric  coefficients  can  also  be  measured  by  utiliz¬ 
ing  the  theoretical  relationship  between  the  para¬ 
meters  of  the  equivalent  circuit  of  the  piezoelec¬ 
tric  resonator  and  the  physical  properties  of  the 
material  and  the  dimensions.  No  reason  is  known 
for  expecting  to  find  any  difference  between  the 
static  and  dynamic  vauues  other  than  a  very  small 
difference  between  tne  isothermal  and  adiabatic 
value*.  However  measurements  made  by  dynamic  me¬ 


thods  are  generally  considered  less  trustworthy 
than  those  made  by  statia  methods  becauae  of  the 
difficulty  of  determining  the  distribution  of  the 
strain  in  the  Vibrating  piezoid.  Table  II  shows 
the  values  of  dn  as  measured  by  dynamic  method*. 


Andreff,  et.  al 

TABLE  II 
(22) 

6.51  x  10"* 

Fujimoto 

(23) 

6.1 

Freederickz 

(24) 

5.55 

Nussbaumer 

(25) 

6.84 

Van  Dyke 

(26) 

6.70 

Cook  and  Weissler 

(27) 

6.88 

Mason 

(28) 

6.76 

Bechman 

(29) 

6.93 

Average 

6„53  x  10  8 

It  is  doubtful  if  the  average  is  significant 
but  it  is  interesting  to  note  that  four  of  the 
seven  values  are  above  6.7  and  two  are  below  6.2 
whereas  only  one  falls  in  the  large  intermediate 

range. 


Experimental 


In  the  work  described  herein  dn  has  been 
measured  using  Method  IV.  The  piezoid  is  a  quarte 
bar  having  its  shortest  dimension  in  the  X-direcb- 
tion  and  its  longest  dimension  in  the  Y-direction 
The  electric  field  is  applied  in  the  X-rdirection 
and  the  resulting  strain  in  the  Y-direction  is 
measured  using  a  Fabry-Perot  Dilatometer.  This 
device  is  capable  of  measuring  displacements  as 
small  as  10  A*  directly  in  terms  of  the  wave¬ 
length  of  the  light  used.  No  calibration  of  the 
apparatus  is  required.  The  complete  theory  and 
design  of  the  instrument  may  be  found  in  refer¬ 
ence  (36)  and  consequently  only  a  short  resume' 
will  be  given  here. 


The orj’  of  the  Fabry-Perot  Dilatometer  The 
instrument  consists  of  a  Fabry-Perot  interfero¬ 
meter  in  whicn  the  distance  between  the  two  mir- 
rrors  is  changed  by  the  elongation  of  the  quartz 
bar.  If  we  let  t  be  the  distance  between  the  two 
mirrors  and  p  the  order  of  interference  of  the 
central  fringe  then  from  the  tneory  of  the  Fabry- 
Perot  interferometer  (37)  we  have 

_  A 

where  A 1«  the  wavelength  of  the  light  used. 

For  the  first  circular  fringes  where  n  =  1 

(p  -  1)  <*  —  COS  6] 

where  0,  is  tne  angle  subtended  by  tiie  radius  of 
the  first  fringe.  Similarly  for  the  nth  fringe 


(P 


n)  *»  ^  coa  0 

A  ** 


Combining  the  last  three  equations  we  nave 
cos  0 


i-§ 


n  p 

For  small  angles  coa  0=1 
So  we  may  write 


en  =l~ 

If  we  let  S  be  the  hi  <r.eter  of  the  nth  fringe 
then  n 


Sn  “ 

n  n 


where  f  is  the  focal  length  of  the  objective  lens 
of  the  telescope.  V.'e  nay  then  write 

(p-n)  =  £  (1-fg  )  (5) 

The  change  in  length  of  the  sample  is  com¬ 
municated  directly  to  the  movable  mirror  causing 
the  distance  between  the  mirrors  to  change  from 
t  to  t'  where  t'  =  t  4  At.  Pecreasing  the  dis¬ 
tance  betv.'een  the  mirrors  caused  the  diameters  to 
decrease  and  vice  versa. 

For  the  nth  fringe,  we  have 
S'2 

(p  -  n)  =  (1  -  )  (6) 

where  S^2  is  the  new  diameter  of  the  nth  fringe. 
Equating  the  lust  two  equations  we  have  to  a  very 
high  degree  of  approximation 

at  -  4,  (Sf  -  sn‘)  m 


Similarly  for  another  circular  fringe,  say  the 
kth  fringe,  c  z 

(P  -  H)  =  —  (1  -  gjz  )  (8) 

Subtracting  Eq.  (6)  from  Eq.  (6)  we  obtain 

t/efa  =  |[(n-k)/ (Sn2 -Sk2)]  (9) 


From  Kq.  (10)  it  follows  that  At  may  be  mea¬ 
sured  directly  in  terms  of  the  wavelength  of  the 
light  used  and  the  diameters  of  the  fringes.  Since 
only  ratios  are  involved  it  is  unimportant  what 
units  are  used  to  measure  the  diameters  of  the 
fringes  or  the  magnification. 


Since  the  piezoelectric  effect  is  linear,  we 
may  double  the  displacement  by  applying  the  elec¬ 
tric  field  tc  the  crystal  in  both  directions.  If 
we  take  Sn  to  be  the  diameter  of  the  nth  fringe 
with  the  "field  in  one  direction  and  S  1  to  be  the 
diameter  of  tne  same  fringe  with  the  field  rever¬ 
sed  and  use  uujacent  rings  so  that  n  =  k  4  1  we 
have 


tt 


X  Sn2 
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“V 


(11) 


where  A  I-  is  the  change  in  length  of  tne  specimen 
when  the  field  is  reversed. 

Experimental  Procedure 


Electrical  The  electric  field  is  supplied  ty 
a  regulated  power  supply  of  3000  volts.  The  volt¬ 
age  is  measured  with  a  model  ESD  Electrostatic 
Voltmeter  made  by  Sens  it  ive  P.escarch  Corp.  The 
accuracy  has  been  carefully  chocked  and  found  to 
be  as  good  as  the  scale  or  about  4  10  volts. 

Mechanical  The  dimensions  of  the  quartz  bar 
■are  measured  to  an  accuracy  of  40,01  mm  using  a 
Gaertner  optical  microscope.  The  orientation  of 
the  bar  is  checked  by  X-ray  diffraction  using  a 
double  crystal  X-ray  diffractometer. 


Optical  The  diameters  of  the  fringes  may  be 
measured  in  two  ways.  In  the  first  method  the 
diameters  are  measured  using  the  micrometer  eye¬ 
piece  of  the  telescope.  This  method  required  sev¬ 
eral  minutes  to  make  a  set  of  measurements  and  the 
temperature  of  the  sample  or  of  the  instrument  may 
change  appreciably  during  this  time.  To  avoid 
this  problem  a  photographic  technique  may  te  used. 
A  double  exposure  is  made  of  the  fringe  pattern 
with  the  field  first  in  one  direction  and  then  in 
the  other.  Using  high  speed  Polaroid  film  each 
exposure  takes  one  second.  Figure  1  shows  a  typ¬ 
ical  photograph  obtained  in  this  way  using  the 
light  from  a  low  pressure  mercury  lamp. 


Figure  I 


Results  The  measurements  reported  herein 
were  made  on  a  quartz  bar  havinr  the  following 
dimensions : 

length  L  =  (/,; 33  4  0.01)  x  lo"2  m 


Thickness  e  =  (A, 93  +  0.01)  x  10~3  m 

The  major  surfaces  are  covered  with  a  conducting 
film  of  aluminum  applied  by  evaporation.  The 
.length  of  the  bar  is  parallel  to  the  Y-axis  and 
the  thickness  to  the  X-axis  within  20  minutes  of 
arc. 

All  measurements  were  made  at  room  tempera¬ 
ture  which  varied  between  20°  and  22°  C.  Every 
care  was  taken  to  avoid  temperature  changes  dur¬ 
ing  a  given  measurement. 

Fifteen  measurements  were  made  using  the  mic¬ 
rometer  eyepiece  to  measure  the  diameters  of  the 
fringes  and  twenty-two  were  made  using  the  photo¬ 
graphic  technique. 

The  applied  voltage  of  3  00  volt®  was  applied 
in  beth  directions  thereby  doubling  the  elongation 
L.  From  the  nefinition  of  the  piezoelectric 
strain  coerficient  wc  havo 


dn 


AL  a.  _  AL_e 
2V^_2VL 


=  K4L 


(12) 


where  K  =  -  -  (13) 

The  value  of  dn  is  obtained  by  substituting 
the  value  obtained  for  from  Eq.  (11)  into 
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fc'q.  (12)  using  hq.  (13). 

Table  III  shows  the  results  of  fifteen  mea¬ 
surements  made  using  the  micrometer  eyepiece  to 
measure  the  diameters  of  the  fringes. 


TABLE  III 


Aug.  23,  1968 

6.43  x  10~8 

27 

6.70 

28 

6.74 

Sept.  5 

6.68 

5 

6.62 

6 

6.43 

7 

6.89 

9 

6.80 

10 

6.39 

10 

6066 

15 

6.42 

18 

6.76 

20 

6.99 

Oct.  7 

6.36 

10 

6.57 

Average 

6.63 

(T=  0.18 

Table  IV  shows  the  results  of  twenty  two  mea¬ 

surements  made  using  the  photographic  technique. 

TABLE  IV 

Dec.  6,  1968 

6.39  x  10"8 

8 

6.69 

8 

6.73 

10 

6.45 

11 

6.17 

11 

6.28 

12 

6.34 

12 

6.15 

13 

6.37 

16 

6,44 

18 

6.59 

24 

6.37 

Jan,  6 

6.79 

7 

6.69 

8 

6.71 

8 

6.26 

9 

6.75 

10 

6.© 

11 

6.44 

Feb.  8 

6.34 

9 

6.55 

10  _ 

6.74 

Average 

6.50 

9 =  0.20 

Statistically  one  set  of  data  is  not  sig.nif- 

icantly  better  than  the  other, 

the  standard  dev- 

iation  being  approximately  the  same  for  both. 


Figure  II  is  a  histogram  showing  the-dis- 
tribution  of  the  values  obtained  for  the  two  sets 
of  data  combined.  The  distribution  can  hardly  be 
classed  as  a  normal  distribution  curve.  The  a- 
verage  of  the  thirty-seven  measurements  is  6.55 
with  a  standard  deviation  of  0.20  giving  a  pro¬ 
bable  error  of  +  0.03.  We  therefore  take  the  va¬ 
lue  of  d,t  for  this  particular  sample  of  quartz 
to  he 

dn  =  (6.55  +  0.03)  x  10"8  cm/statvolt 
or 

dn  =  (2.18  +  0.01)  x  10~12  marolt 
Discussion 

The  average  of  the  thirty  seven  separate  mea¬ 
surements  on  the  one  sample  of  quartz  is  6.55. 

It  is  interesting,  and  perhaps  significant  to  com¬ 
pare  this  result  with  the  value  6.53  which  is  the 
average  of  all  the  measurements  reported  hereto¬ 
fore  by  both  the  static  ir.d  ,he  dynamic  method. 
These  values  may  be  compared  with  the  values 
which  have  been  accepted  by  the  various  authori¬ 
ties  as  shown  in  Table  V. 

TABLE  V 


Accepted 

values  for  d , , 

in  quartz. 

Sosman 

1927 

(30) 

6.9  x  10“£ 

Vigoreux  1939 

(31) 

6.45 

Cady 

1946 

(32) 

6.9 

Wooster 

1957 

(33) 

7.3 

Bechman 

1958 

(34) 

6.93 

Mason 

1966 

(35) 

6.76 

It  is  not  at  all  clear  how  much  of  the  var¬ 
iation  among  the  results  is  due  to  experimental 
errors  and  how  much  is  due  to  variations  in  the 
samples  of  quartz  or  other  unknown  factors.  Cer¬ 
tainly  the  measurements  are  difficult  and  exper¬ 
imental  errors  are  numerous.  If  the  spread  of 
values  is  mainly  attributable  to  experimental  er¬ 
rors  (and  this  is  the  present  opinion  of  the 
writer]  careful  analyses  of  the  experimental  pro¬ 
cedures  are  demanded. 

In  the  present  work  the  value  of  K  in  Eq.  (13) 
can  be  determined  with  an  accuracy  no  worse  than 
0.5  percent.  In  any  case  K  is  constant  for 
all  of  the  measurements  made  on  a  giver,  specimen. 
The  measurements  of  the  diameters  of  the  circular 
fringes  arc  repeatable  from  any  given  photograph 
with  an  accuracy  no  worse  than  +  0,1  percent.  For 
example,  in  a  typical  set  of  data 

52  “  1*2,13  +  0.04  S22  =  1775  +  4 

S£  =  45.86  +  0.04  Si2  =  2103  +  4 

53  -  50.62  +  0.04  S3  =  2562  ±  5 

from  which 

S3-  -  ff-  =  0*^6  +  2  percent  (14) 

Since  the  error  in  the  determination  of  dn 
depends  on  the  accuracy  with  which  hq.  (14 )  can  be 
evaluated  we  should  exjject  most  of  the  values  to 
fall  within  a  range  of  +  2  percent  of  the  average 
value.  Examining  the  data  we  find  that  only  12  of 
the  37  values  fall  within  the  range  6.43  to  0,68 
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whereas  14  are  above  this  range  and  11  are  below. 
This  result  is  strongly  remini  scent  of  the  results 
of  previous  measurements  which  tend  to  fall  around 
6,3  and  6.9  as  Sosman  (30)  has  pointed  out. 

No  correction  has  been  made  for  the  fringing 
of  the  electric  field.  Since  part  of  the  elec¬ 
tric  field  falls  outside  the  quartz  and  therefore 
does  not  contribute  to  the  strain,  the  value  ob¬ 
tained  for  dn  is  smaller  than  the  correct  value. 
The  area  of  the  major  faces  of  the  sample  used  in 
this  work  is  about  5  cm2  and  the  thickness  about 
0.5  cm  so  that  the  effect  is  small  and  probably 
less  than  the  errors  of  measurement.  However 
further  refinements  should  include  correction  for 
the  effect. 
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ANALYSIS  OF  CONTOURED  PIEZOELECTRIC  RESONATORS 
VIBRATING  IN  THICKNESS-TWIST  MODES 
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Summary 

An  analysis  of  thiclaioss-tviat  modos  in  a 
plate  vhich  is  contoured  along  the  direction  of  the 
Mare  propagation  is  presented.  The  thickness  is 
assumed  uniform  along  the  direction  perpendicular 
to  the  propagation  direction.  First  the  plate  is 
partitioned  into  such  small  sections  along  the 
propagation  direction  ac  the  variation  of  thickness 
within  a  section  is  negligible.  Second  the 
equivalent  transmission  line  circuit  for  a  section 
of  uniform  thicknoss  is  obtainod.  Thon 
characteristics  of  tho  whole  plate  can  bo 
repreaented  by  tho  cascade  connection  of 
equivalent  transmission  lines  and  henco  can  be 
obtained  by  tho  multiplication  of  transmission 
matrices  of  sections. 

This  analytical  method  can  handle  any 
continuous  shape  of  contour.  Tho  calculation  can  be 
mechanically  carried  out  by  a  coaputor.  The 
distribution  of  displacement  is  obtainod  at  the 
same  tins  when  a  rosonant  frequency  is  determined, 
because  tho  displacement  at  each  partition  is 
always  available  during  tho  process  of  the 
calculation. 

Plano-convox  and  double  convex  cylindrical 
plates  and  truncated  linearly  taperod  plates  aro 
analysed  by  tho  present  method.  Suoh  parameters  as 
tho  anisotropy,  tho  width,  the  thickness,  tho 
latoral  length,  tho  radius  of  curvature,  the  order 
of  harmonic  and  Inharmonic  overtones,  and  the 
partition  number  are  taken  into  account. 

It  is  also  pointed  out  that  tho  present 
method  can  be  approximately  spoiled  to 
thlcknoes-shear  modes. 

Experimental  observations  using  AT-cuts  of 
quartz  are  in  good  agreement  with  calculated 
rosonant  frequencies  and  displacements. 

Introduction 

The  major  problems  in  the  design  of 
piezoelectric  resonators  vibrating  in  thicknoss 
modes  are  how  to  mount  tho  resonators  without 
impairing  the  response  of  the  main  mode  and,  at  the 
same  time,  how  to  sypor-es  the  l>*i,el  of  unwanted 
modos.  In  the  range  of  freouency  more  tnat  a  few 
Mi*,  the  energy  trapping  has  been  one  of  the  most 


effective  means  to  solve  those  problems.  For  a  much 
lower  frequency,  however,  a  parallel  plate  design 
based  on  tho  energy  trapping  yields  impractically 
large  dimensions.  Instead,  plato  contourlngs  have 
been  extensively  used  for  many  years.  The  design 
of  contouring  has  been  isoatly  empirical  because  of 
mathematical  difficulties  in  an  analysis  of  the 
effect  of  contouring.  Previous  analyses  have  been 
limited  to  auch  contours  as  atraght  hoveled), 
Gaussian  curves (2)  and  linear  tapers''), 

ThiB  paper  presents  an  analysis  of  thidcnese- 
twlst  modss  in  a  plato  which  Is  contoured  along  the 
direction  of  the  ware  propagation.  The  thickness  la 
assumed  uniform  along  the  direction  perpendicular 
to  the  propagation  direction. 

In  the  analysis,  first  the  plate  la  partitioned 
into  auch  small  sections  along  tho  propagation 
direction  as  tho  variation  of  thicknoss  within  a 
section  is  negligible.  Second  the  equivalent 
transmission  line  circuit  for  a  section  of  uniform 
thickness  is  obtained.  Then  characteristics  of  tho 
whole  plato  can  bo  represented  by  the  cascade 
connection  of  equivalent  transmission  linos,  and 
hence  can  be  obtainod  by  the  multiplication  of 
transmission  matrices  of  soction3. 

This  analytical  method  haa  the  following 
features  : 

(1)  Any  continuous  shape  of  contour  can  bo  handled. 

(2)  The  calculation  consists  of  mostly  the 
multiplication  of  matrices,  and  hence  can  be 
mechanically  carried  out  by  a  computor. 

(})  The  distribution  of  displacements  is  obtained 
at  tho  same  time  when  a  resonant  frequency  is 
determined.  This  is  because  tho  displacement 
at  each  partition  is  always  available  during 
the  process  of  the  calculation. 

The  present  method  is  applied  to  tho  analysis 
of  plano-convex  and  double  convex  cylindrical  platos 
and  truncated  linearly  tapered  plates. 

Experimental  observations  using  AT-cuta  of  quartz 
are  In  good  agreement  with  calculated  resonant 
frequencies  and  displacements. 


List  of  symbols 

Cj  <  stiffness 

H  t.,e  maximum  thickness  in  y  direction 


thickness  in  y  direction  of  the  m-th  section 
G  transmission  matrix 

knB  wave  number  of  the  n-th  harmonic  overtone 
for  the  m-th  section 
h  lateral  length 

n  order  of  harmonic  overtone 

N  number  of  partition  sections 

R  radius  of  curvature 

stress 

u  displacement 

particle  velocity 
vm  width  of  the  m-th  section 

w  width  of  the  plate 

%,y,z  coordinates 
Xm  Eq.  (9) 

2m  characteristic  impedance  of  the  m-th  section, 
Eq.  (10) 

yu  voigt's  strech  modulus 

f  density 

-0  angular  frequency 

u)c  cutoff  angulur  frequency,  Eq.  (5) 

J\  normalized  frequency,  Eq.  (2j) 

Analysis 

Transmission  matrix  for  an  elementary  aoctlon 

Using  a  Cartesian  coordinate  system  (x,y,z), 
a  plate  is  oriented  with  its  lower  surface,  which 
is  temporarily  assumed  to  be  flat,  on  the  x-z 
plane,  as  shown  in  Fig.  1. 

The  plate  in  continuously  contoured  along  the 
z  direction  and  the  thickneso  varies  only  along 
this  direction.  Whereas  the  length  in  the  x 
direction  can  be  considered  infinitely  wide. 

The  plate  is  partitioned  into  N  sections  by 
planes  perpendicular  to  the  z  axis.  The  number  of 
sections  N,  is  so  chosen  as  to  be  able  to  neglect 
the  variation  of  thickness  within  each  section. 
The  right  side  of  the  m-th  section  is  called  the 
m-th  partition. 

In  thickness-twist  vibrations  propagating 
along  the  z  direction,  only  the  displacement 
u  in  the  x  direction  exists.  Such  vibrations 
can  be  piozoeloctrically  oxcited  by  electrodes  on 
major  faces  in  rotated  Y-cut  plates  of  quartz  and 
ceramic  plater  when  the  diagonal  and  the  poling 
axes  are  parallel  to  the  x  axis,  respectively. 

In  the  following,  an  analysis  of  purely 
olsotic  cases  is  done,  because  a  main  interest 
of  the  preaent  paper  is  in  quartz,  of  which 
electromechanical  coupling  is  very  amall. 
Assuming  a  monoclinic  symmetry  in  the 
stress-strain  relation,  the  equation  of  motion 
for  each  section  can  bo  written  in  the  following 
form. 


A  dot  denotes  differentiation  with  respect  to 
time. 

The  boundary  conditions  to  be  satisfied  on 
the  major  faces  of  the  plate  are  : 


T2=  *4  =  (s-0  on  y eO  end  Rm 


Although  an  exact  solution  of  Eq.  (l)  subject 
to  conditions  Eq.  (2)  was  obtained  by  MindlinW, 
a  simpler  solution  is  used  hore  by  taking  an 
assumption,  Cy&  «  0.  Thi3  assumption  is  exactly 

true  for  coramic  plates  and  AC-cuts  of  ouartz 
and  approximately  correct  for  AT-  and  3T-  cuts, 
of  quartz. 

The  general  solution  for  the  m-th  oection  is 

U  =J0(An  cos  knrr,Z+Sn  oink^z  )  • 


>s|  ...j.  eXp  JCI)1 


p(0  2  =  Cgg 


9  ••  \  r„  J/2  (q) 

Hq  /  55 nrn 


It  can  bo  aeen  that,  for  a  given  n,  there  is  a 
cutoff  frequency  u)c,  below  which  knm  becomes 
imaginary. 


HS7)  M 


The  arbitrary  constants,  An  and  Bn,  aro  to  be 
determined  from  conditions  of  continuity  of 
displacement  and  stress  at  the  partition  boundaries. 
Only  nonvanishing  stress  component  at  the  boundaries 
ie  T^  ■ 


* C55  3Z 


/  ww 


-  CsR 


;•  33U  <r  22i: 

9  ~  65  53  3  J2>  2  SS2>  y2 


Strictly  speaking, a  combination  of  an  infinite 
number  of  harmonic  modes  os  expressed  by  Eq.  (?) 
is  required  to  satisfy  the  boundary  conditions, 
when  the  thicknesses  of  adjacent  sections  are 
different.  By  increasing  the  number  ol  sections, 
however,  the  difference  in  thickness  can  be  made 
diminiBiiingly  small  and  honce  tho  use  of  only  one 
predominant  mode  and  the  neglect  of  all  other 
modes  becomes  permissible.  ,'o  designate  the  case 
of  n  «  l  the  foundsmehtal  and  the  case  of  n  «  ' 
the  third  harmonic  overtone  und  r-  on.  Even 
overtones  are  not  interesting  here,  becuu^e  they 
cannot  be  effectively  oxcited  by  electrodes  on 


major  surfaces  of  the  plate. 

Kor  a  given  n  and  given  sets  of  stress  and 
particle  velocity  at  both  sides  (four  conditions) 
of  the  m-th  section,  Eq.  (3)  (two  arbitrary 
constants)  yields  two  linear  homogeneous 
aquations,  which  is  expressed  in  the  following 
matrix  fora. 


m  t o 


Both  sides  of  the  plate  are  traction  free  and 
hence  Tj  is  equal  to  zero.  The  resonant  condition, 
which  corresponds  to  an  infinite  amplitude  of 
particle  velocity,  is  : 


(13) 


If  the  shape  of  the  plate  is  geometrically 
symmetrical  with  respect  to  the  center  mirror 
plane,  it  ia  necessary  to  carry  out  the 
imltiplication  of  transmission  matrices  only  over 
one  half  of  the  whole  plate.  Let  the  resultant 
matrix  for  the  left  half  bo 


The  particle  velocity  is  used  instead  of  the 
displacement  in  conformity  with  the 
electromechanical  (force-voltage  and 
volocity-current)  analogy.  The  matrix  Gm  is  the 
same  as  the  transmission  matrix  of  an  eloctrical 
line  having  the  propagation  constant  knm  and  the 
characteristic  impeadance  Zffl. 

Overall  characteristics 

Overall  characteristics  of  the  whole  plate 
la  expressed  by  the  cascade  connections  of 
sections  or  by  the  multiplication  of  the 
transmission  matrices. 


then  the  matrix  for  the  rigtit  nclf  take:’  the 
following  form  : 

Gft  =  /  G22  Gi2  \ 

I  j  US) 

\“G21  Gn  / 

The  product  of  two  matrices  yields  the  resultant 
matrix  for  the  whole  plate,  of  which  "i2" 
component  is  Gjg'.  Hence  the  rosonant 

condition  is 


or 


G 


? 

12 


=  0 


(17) 


where 


An  examination  of  the  distribution  of  displacement, 


as  described  later,  shows  that  the  former  yields 
antisymmetric  modes ,  whorcas  the  latter  yields 
symmetric  modes  with  respect  to  the  center  mirror 
plane. 

In  the  beginning  of  this  chapter,  the  lower 
surface  of  the  plate  was  assumed  to  bs  flat. 

This  assumption  is  unnecessary  and  the  lower 
surface  can  bo  continuously  contoured  in  any 
manner  along  the  z  axis.  This  is  because  the 
resonant  conditions  dopend  on  the  distribution  of 
thickness,  but  not  or  the  coordinates  of  surfaces. 

Displacement 

The  displacement  at  the  r-th  partition  is 
obtained. from  the  following  equation 


°\  =  Gt  '  G2 —  'Or 


u 


/  I  s' 


Numerical  calculations 

Numerical  calculations  are  carried  out  for 
AT-cuts  of  quartz  and  isotropic  platos  with 
plano-convex  and  double  convex  cylinarecal 
contours  as  well  as  linerly  tapered  contours.  The 
value  of  egg  /  Cce  is  0.436  for  AT-cuts  of  quartz 
and  1  for  isotropic  plates,  respectively. 

Effect  of  the  partition  number 

Fig.  2  shows  an  effect  of  the  number  of 
partitioned  section  on  the  calculated  resonant 
frequencies  of  a  double  convex  cylindrical  AT-cut 
of  quartz, The  width  to  the  curvature  ratio  is 
O.JOJ  which  is  also  equivalent  to  0.606  for  a  piano 
convex  cylindrical  plate.  S  and  A  denote  symmetric 
and  antisymmetric  modes,  respectively.  The 
parameter  ie  the  width  to  thickness  ratio.  The 
ordinate  is  the  normalized  frequency  defined  as 
follows. 
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It  can  be  seen  that  the  higher  the  order  of 
inhermonlc  overtone,  tho  slower  the  convergence. 
Another  calculation  shows  the  convergence  becomes 
slower  for  larger  value  of  the  ratio  W/R. 

The  pertit.ion  number  of  40  aeems  good  enough 
to  obtain  an  accuracy  bettor  than  a  few  tenth 
per  cent  for  the  lowest  mode  and  somewhat  worse  for 
higher  inharmonic  modes .  In  the  following  most 
calculations  uses  the  pertition  number  of  50. 


(  U  )r  -  Q  *  (fj  )  (19)  PUno  convex  cylindrical  plates 
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An  Integration  with  respect  to  time  yields 


(u)r  =  Gil,r  *  (u) 


(20) 


Since  the  displacement  at  a  side  of  the 
plate  may  bo  very  small,  it  is  of ton  convenient 
to  express  tho  displacement  in  terms  of  either 
the  displacement  or  the  stress  at  tho  central 
s-th  partition. 

Namely, 
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Effect  of  the  ef/H  ratio  Fig.  3-9  shows 
normalized  resonant  frequencies  of  olano  convex 
cylindrical  AT-cuts  of  quartz  as  functions  of  the 
width  to  thicknoso  ratio.  Parameters  are  tho  order 
of  harmonic  ovortone  and  the  width  to  the  radius 
of  curvature  ratio.  In  tho  figure,  S  and  A  stand 
for  the  symmetric  and  tho  antisymmetric  modes, 
respectively. 

Fig,  3  is  for  a  plate  with  W/R*0.01  or  a 
naarly  flat  plate.  Resonant  frequencies  look  very 
similar  to  that  of  a  perfectly  flat  plate,  in  which 
the  lowest  (Si)  mode  coincides  with  the  abscissa. 

Fig.  k~6  are  for  the  foundamental ,  tho  third 
overtone  and  the  fifth  overtono  nodes,  respectively, 
in  a  plate  with  W/R.O.lJl.  Whereas  Fig.  7-9  are  the 
same  in  a  plate  with  W/ R»0.}22. 

These  figures  show  that  first  the  separation 
between  inharmonic  modes  becomes  narrower  when  the 
order  of  harmonic  overtones  increases. 

Second,  when  the  M/H  ratio  decreases  resonant 
frequencies  generally  increases.  For  small  values 
of  W/H,  however,  each  Inharmonic  mode  exhibits  a 


t  - 


stationary  portion  and  tho  lowest  (si)  mode 
changes  to  decrease  and  goes  through  /l -1  at 
W/H-O. 

Jumonji  pointed  out  that  this  anomality  is 
caused  by  couplings  with  face  shear  modes  in  tho 
xy  place  and  derived  the  following  equation  for 
obtaining  its  uncoupled  resonant  frequencies. '5* 


mounting  of  >he  plate  and  the  suppression  of 
unwanted  modes  easy. 

of  l8t.ropic  plates.  In  order  to  see  tho 
effoct  of  unisotropy,  similar  calculations  are 
carried  oa .  for  inotropic  plates.  Fig.  17  and  18 
shows  resonant  frequencies  of  the  foundamental  and 
the  third  overtone  modes,  respectively,  as  functions 
of  the  width  to  thickness  ratio.  Fig.  19  and  20 
shows  the  same  as  functions  of  the  width  to  the 
radius  of  curvature  ratio.  It  can  be  seen  that  the 
separations  between  inharmonic  overtone  modes  in 
a  isotropic  plate  ars  wich  narrower  than  those  in 
an  AT-cut  of  quartz. 


\'i 

where  sin  6  = 

rV 

m 

The  denominator  corresponds  to  an  effective 
thicknees  of  a  flat  plate,  of  which  crosssectionsl 
area  in  the  yz  piano  is  equal  to  the  area  of  the 
contoured  plate  having  tho  same  width. 

Fig.  10  shows  rosonant  frequencies  of  the 
face  shear  modes  for  W/R-0.151  and  0.522.  It  esn 
bo  seen  that  the  tangents  at-fl«l,  W/H«0  are  equal 
to  those  in  Fig.  4-9,  respectively. 

Piezoelectric  behaviors  of  tho  plate  arc 
significantly  affected  by  those  couplings ,  Por 
example,  the  A1  node  for  a  high  value  of  W/H  is 
hardly  excited  by  an  electrode  symmetrical  with 
respect  to  the  center  mirror  plane.  However, 
when  the  W/H  is  lower  than  the  value,  which  yields 
a  coupling  with  the  face  shear  mode,  tho  mode  is 
now  strongly  excited  by  a  symmetrical  electrode. 
This  is  because  this  portion  of  tho  A1  mode  is 
really  an  extension  of  tho  SI  mode.  Similar  or 
lnvoroe  phenomena  exist  in  other  modes. 

Effect  of  the  W/R  ratio  Fig.  U_l4  shows 
normalizod  resonant  frequencies  of  the 
foundamental  and  the  third  overtone  modes  of 
AT-cute  of  quartz  as  functions  of  the  width  to  the 
radius  of  curvature  ratio.  The  parameter  Ib  the 
width  to  thickness  ratio. 

Again  the  higher  tho  order  of  harmonic 
overtone,  the  narrower  tho  separation  between 
inharmonic  modes.  Tho  effoct  of  the  V/R  ratio  on 
resonant  frequencies  is  small  for  the  ratio  up  to 
about  0.1  and  thereafter  rapidly  increases  with 
the  ratio. 


Double  convex  cylindrical  nlatoe 


Fig.  21  shows  normalized  resonant  frequencies 
of  a  double  convex  cylindrical  AT-cuts  of  quartz 
as  functions  of  the  width  to  thickness  ratio. 

Both  aator  surfaces  are  contourod  with  the  same 
radius  of  curvature.  The  Vf/R  ratio  is  0.505. 


A  double  convex  plate  can  be  deformsd  into 
a  piano  convex  plate  without  changing  the 
diatribution  of  thicknees.  The  radius  of  curvature 
of  the  contoured  surface  of  tho  deformed  plate  is 
no  longor  a  constant.  However,  the  radius  at  the 
center  iB  the  one  to  be  really  counted  because 
the  vibration  energy  is  confined  in  the  vicinity 
of  the  center.  Hence  the  curves  in  Fig.  21  “re 
Close  to  curves  for  a  plano-convex  plate  with  the 
rt/R  ratio  of  0.505x2.  Calculations  show  that 
differences  are  less  than  0,5  percont. 


Linearly  tspered  Dlatos 


Truncated  linearly  tapered  plates  are  -tudied. 
Fig.  22  shows  resonant  frequencies  as  functions  of 
the  width  to  thickness  ratio.  The  parameter  is  the 
degree  of  taper.  Curvos  for  the  W/ H  ratio  largor 
than  10  were  also  calculated  by  Loutzenheloer  and 
Denkmann  using  Mindlin’s  plate  equation, (5) 

Both  curves  are  in  good  agreement  with  each  other. 


In  contrast  to  the  case  of  convex  plates, 
only  the  lowest  mode  exhibits  a  sign  of  a  coupling 
with  a  face  shear  mode  in  the  xy  plane  at  a  low 
tf/H  ratio.  This  is  because  an  uncoupled  resonant 
frequency  of  the  face  shear  mode  in  a  linearly 
tapered  plate  is  nearly  constant  and  henco  higher 
inharmonic  aodoo  does  not  couole  with  the  face 
shear  mode.  Fig.  25  shows  a  detailed  behavior  of 
the  lowost  mode  for  various  degree  of  taper. 


Thickness-shear  modes 


bio  placement  The  displacement  of  the  Si  and 
A1  modes  is  ohown  in  Fig.  15-16,  respectively, 

Tho  ordinate  is  normalized  by  the  maximum 
displacement.  Only  the  left  half  portion  is  shown 
because  of  the  symmetry.  The  parameter  is  the 
width  to  thickness  ratio.  It  can  be  seen  that  the 
displacement  is  confined  to  tho  centeral  portion 
when  the  W/H  ratio  increases.  For  W/H«25,  the 
displacement  at  ths  end  of  the  plate  is  in  the 
order  of  10’1?.  This  trapping  of  vibration 
energy  in  the  vicinity  of  the  center  makes  tho 


Although  the  subject  of  the  present  paper  is 
tho  thickness-twist  vibrations  in  u  contoured  plate, 
a  brief  remark  on  the  thickness-shear  modes  is 
Included  hore.  Details,  however,  will  be  presented 
in  a  subsoquont  paper. 

In  order  to  accommodate  the  case  of 
thlckneso-8heai  vibrations  in  AT-cuts  of  auartz, 
the  x  and  z  axes  in  Fig.  1  are  interchanged. 

Then  the  diagonal  axis,  the  dosplacement  and  the 
direction  of  propagation  are  all  along  the  x  axis. 


The  transmission  matrix  (8)  can  be  applied 
approximately  to  the  case  of  the  thickness  shear 
modes,  provided  that  Cc=  in  Eq.  (4)  and  (10)  is 
replaced  by  Voight'o  stretch  modules  of  the  plate 
in  the  x  direction,  3'^ . (6)  Fig.  24  and  25  shows 
normalized  resonant  frequencies  of  the  thickness- 
shear  modes  in  a  piano  convex  cylindrical  plate  as 
functions  of  the  width  to  thickness  ratio. 

Experiments 

Experimental  procedure 

Both  plano-convex  and  double  convex  cylindical 
al-cuts  of  quartz  are  provided.  One  major  surface 
of  a  plate  is  fully  covered  by  a  thin  mstalic 
electrode.  Whereas  the  electrode  on  the  opposite 
surface  is  divided  into  two  electrodes  at  the 
center,  so  that  symmetric  modes  can  be  excited  by 
both  electrodes  in  parallel  and  antisymmetric 
nxjdos  can  bo  excited  by  either  one  of  eloctrodes  , 
which  is  called  horeafter  tho  one  half  electrode. 

A  combination  of  a  frequency  synthesize-,  an 
amplifier-detector  and  an  X-Y  recorder  is  used 
in  the  measurements  of  resonant  frequencies.  First 
all  the  responses  are  recorded  over  the  interested 
frequency  range.  Then  frequencies  of  strong 
res  .ances  are  precisely  moaaurod. 

Effect  of  the  lateral  length 

In  the  analysis,  the  length  of  a  plate 
porpendicular  to  the  direction  of  propagation  is 
assumed  to  bo  infinito.  In  order  to  see  tho  effect 
of  finite  lateral  length,  several  samples  with  the 
W/R  ratio  of  0.522  which  differ  only  in  lateral 
length  are  provided. 

Fig.  26  shows  a  comparison  of  resonant 
frequencies  as  functions  of  the  width  to  thickness 
ratio.  Tho  lowest  mode  seems  to  be  insensitive  to 
the  lateral  longth.  Inharmonic  overtones  for  the 
L/W  ratio  of  1  are  ooparated  from  those  for  L/W  of 
1.5  and  2,  which  are  very  close  together.  Hence, 
in  the  following,  a  L/W  ratio  greater  than  2  is 
used . 

Comparisons  between  experimental  and  calculated 
results . 

Resonant  froouenciss  of  tho  foundamontal  and 
the  third  overtone  modes  in  plano-convex 
cylindrical  AT-cute  of  quartz  with  the  W/R  ratio 
of  0.^22  are  measured  and  plotted  in  Fig.  7  and  8, 
reopectively. 

Black  dots  denote  tho  modes  strongly  excited 
by  an  oloctrode  symmetrical  with  respect  to  tho 
center  mirror  plane.  Whereas  white  or  hollow  dots 
denote  the  modes  which  are  hardly  excited  by  the 
symmetrical  electrode,  but  strongly  excited  by 
the  one  half  electrode. 

Sometimes  a  resonance  may  split  into  two 
equily  strong  responses  or  accompany  weak 
responses,  he  former  is  shown  by  two  oqual  dots 
and  t(.o  letter  by  ; •"slier  dots. 


The  agreement  between  observed  and  calculated 
results  seema  good.  As  expectod ,  the  lower  the 
order  of  inharmonic  overtone,  the  better  the 
agreement. 

The  distribution  of  plezoelectrlcally  induced 
charge,  which  is  proportional  to  the  displacement, 
on  the  surface  of  a  plate  with  the  W/R  ratio  of 
0.52  and  the  W/H  ratio  of  12.5  is  measured  by 
a  probe(7)  and  plotted  as  dotted  lines  In  Fig.  15 
and  16.  Fig.  15  ie  for  the  Sl-mode  and  Fig.  16  is 
for  the  Al-mode.  Sinco  the  impedance,  to  wnich  tho 
probe  faces,  varies  with  the  thickness  of  the  plate, 
the  output  voltage  of  the  probe  does  not  yield  a 
faithful  distribution  of  the  displacement.  Hence 
no  attempt  of  quantitative  comparisons  with 
calculated  values  is  made.  Even  so,  both  figures 
clearly  show  the  trapping  of  the  vibration  energy 
in  the  vicinity  of  the  center  due  to  cylindrical 
contouring. 

Observed  resonant  frequencies  of  the 
foundamental  nodo  in  double  convex  AT-cuts  of 
quartz  with  the  W/R  ratio  of  0.J05  are  plotted 
in  Fig.  21.  The  agreement  is  good  for  tho  lowest 
mode  and  is  getting  worse  as  the  order  of 
inharmonic  modes  increases.  This  may  be  due  to  the 
larger  W/R  ratio,  which  is  effectively  0.5C5  x  2, 
than  the  ratios  used  in  Fig.  7  and  8. 

Observed  resonant  frequencies  of  the  foundamental 
and  the  third  overtone  modes  in  plano-convex 
AT-cuts  of  quartz  vibrating  in  thickness-shear 
modes  are  plotted  in  Fig.  24  and  25,  respectively. 

Ihe  agreement  in  the  case  of  thickness -shear  modes 
is  not  worse  thBn  the  agreement  in  the  case  of 
thickness-twist  modes. 

Conclusion 

The  analysis  presented  in  this  paper  mokes 
possible  tho  calculation  of  resonant  frequencies 
and  displacements  of  thlcknoso-twlst  modes  in  a 
plate  contoured  in  any  continuous  shupo.  ouch 
parameters  as  the  anisotropy,  the  width,  the  thickness, 
the  lateral  length,  the  radius  of  curvature,  the 
order  of  hurmonic  and  inharmonic  ovortonos,  and  tne 
partition  number  are  taken  into  account.  Calculated 
curveo  for  plano-convex  and  double  convex 
cylindrical  pistes  are  compared  with  experimental 
observations  using  AT-cute  of  quartz.  The  accuracy 
obtained  is  good  enough  for  the  practical  use  in  tho 
design  of  resonators. 

Tho  displacement  at  both  sides  of  a  plate 
practically  diminishes  by  tho  application  of 
cylindrical  contouring.  Hence  the  vibration  energy 
is  trapped  in  the  vicinity  of  the  center,  which 
nakeo  the  mounting  of  the  slate  and  the  suppression 
of  unwanted  modes  easy. 

Next  truncated  linearly  tapered  plates  are 
studied.  Calculated  resonant  frequencies  are  in  good 
agreement  with  similar  calculations  by  Lontzenheizer 
and  Dsnkmann  using  Hindi in's  slate  equations. 

The  present  method  is  also  useful  for  the 
analysis  oi  thickness-shear  modes  in  a  contoured  plate. 


Experimental  observations  using  AT-cuts  of  quartz 
show  a  good  agreement  with  calculated  values. 
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FIGURE  1  -A  contoured  plate  with  coordinate  axes. 
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FIGURE  2  -Effect  of  the  partition  nuit-Kr  on  resonant  frequencies 
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FIGURE  II  -  Resonant  frequencies  of  the  fundamental  modes  versus 
the  width  of  the  radius  of  curvature  ratio  W/H  =  S 


FIGURE  12  -  Resonant  frequencies  of  the  fundamental  modes  versus 
the  width  to  the  radius  of  curvature  ratio  W/H  =  10 
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FIGURE  1.  -  Resonant  frequencies  of  the  third  overtone  modes  versus 


FIGURE  14  -Resonant  frequencies  of  the  third  overtone  modes  versus 
the  width  to  the  radi^  of  curvature  ratio  W/H  '■  10 
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FIGURE  IS  -  Displacement  of  the  $1  mode.  W/R  “0.322. 
W/H  is  a  parameter. 
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FIGURE  16  -  Displacement  of  the  A1  mode  W'R  0,  322 
W/H  is  a  parameter 


the  width  to  the  radius  of  curvature  ratio  W/H  =  S 


-  35  - 


FIGURE  19  -  Resonant  frequencies  of  the  ^amenta!  modes  in 
an  isotropic  plate  versus  tlx?  width  to  the  radius  of  curvature  ratio 
W/R  =  0. 151 


FIGURE  20  -  Resonant  frequencies  of  the  fundamental  modes  in  an 
isotropic  plate  versus  the  width  to  tl»e  radius  of  curvature  ratio 
W/R  ■=  0. 322 


FIGURE  23  -  Resonant  frequencies  of  the  lowest  mode  in  a 
linearly  tapered  plate  versus  the  width  to  thickness  ratio 


FIGURE  25  -  Resonant  frequencies  of  the  third  overtone  thickness 
shear  modes  versus  the  width  to  thickness  ratio 
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FIGURE  26  -  Comparison  of  resonant  frequencies  of  plates  with 
different  lateral  length 
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Sunmiary 

The  monolithic  structures  considered  in  this 
paper,  are  purely  mechanical  approximations  of 
monolithic  quartz  filters.  Theoretical  discussion 
of  resonance  frequenciet  of  these  structures 
leads  to  several  results,  as  prediction  of  fre¬ 
quency  values,  number  of  resonances,  and  leads  to 
a  spectral  purity  criterion,  which  is  an  exten¬ 
sion  of  criterion,  established  from  energy 
trapping  concept,  related  to  crystal  single 
resonator1 . 

Introduction 

In  the  theoretical  study  of  monolithic 
quartz  filters,  the  following  problem  should  be 
solved  :  in  a  thin  plate  of  piezoelectric  and 
elastic  crystal,  including  several  resonators 
(i.e  facing  electrodes  pair)  separated  by  cou- 
p’ing  regions,  functions  of  space  coordinates  and 
time  are  searched,  for  mechanical  displacement 
and  electrical  potential,  solutions  of  equations 
and  satisfying  boundary  conditions.  Considering 
then  two  electrodes  pairs  as  electrical  access  of 
the  filter,  it  will  be  possible  to  obtain  for 
instance,  the  transfer  matrix  of  the  electrical 
fourpole. 

Unfortunately  simple  solutions  of  equations, 
such  as  exponential  functions,  cannot  satisfy 
boundary  oonditions.  Therefore  we  have  considered 
as  a  simpler  theoretical  model,  monolithic 
structures  having  the  same  geometrical  and  mecha¬ 
nical  properties  as  the  monolithic  filters,  but 
of  non-piezoelectric  material,  in  order  to  solve 
the  resonance  frequencies  problem.  At  least  two 
results  can  be  expected  :  first,  knowledge  of 
values  and  number  of  resonance  frequencies,  as 
a  function  of  structure  parameters,  result  which 
should  be  a  close  enough  approximation  of  the 
real  piezoelectric  problem  for  quartz,  since  the 
electro-mechanical  coupling  coefficient  is  low; 
then,  knowledge  of  a  method  of  analysis  which, 
slightly  modified,  may  be  adapted  to  the  piezo¬ 
electric  case. 

We  consider  a  two-dimensions  anisotropic 
elastic  structure  conscituatod  by  n  regions 
representing  n  resonators  separated  by  (n-l) 
regions  (inter-resonator  regions),  different 
regions  having  different  mechanical  and  geome¬ 
trical  properties.  From  particular  solutions  of 
motion  equations,  depending  upon  two  constants 
for  each  region,  continuity  conditions  at  the 


boundaries  between  adjacent  regions  yield  a 
system  of  homogeneous  linear  equations  in  the 
above  constants.  The  system  determinant  is  the 
resonance  frequencies  equation  of  the  structure. 
For  structures  having  convenient  symetry,  these 
determinants  possess  interesting  properties  : 
a  structure  equivalent  to  a  n-resonators  filter 
leads  to  a  4n-order  determinant,  and  it  can  be 
shown  that,  in  the  development  of  the  determi¬ 
nant,  appears  only  the  product  of  two  2n-order 
minors  ;  in  addition,  recurrence  relationship  is 
established  between  the  minors  of  the  determi¬ 
nants  of  the  n  and  (n-l) -resonator  structures. 

It  is  then  possible  to  predict  the  number  of 
roots  of  the  4n-determinant  from  the  number  of 
roots  of  the  4 (n-l) -determinant.  Finally  it  is 
shown  that  the  number  of  roots  depends  upon  the 
position  in  a  n-dimensions  space,  of  a  point 
characteristic  of  '.he  monolithic  structure. 

Solution  of  equations  and  boundary  conditions 

The  n-order  structure,  corresponding  to  a 
n-resonators  filter  is  shown  on  Fig.  I. 

There  are  (2n+I)  distinct  regions  including 
n-regions  representing  n  resonators,  (n-l)  inter¬ 
resonators  regions  and  two  extreme  regions,  both 
infinite.  Using  numeration  from  0  to  2n,  regions 
and  R2n-k  are  col:nPlct:ely  identical,  k  varying 

from  0  to  n  ;  referred  to  X'X  and  Y'Y  axis,  these 
regions  are  bounded  along  X'X  by  -D^  and  -Dj.+  1 

for  R^ ,  and  D^+)  and  for  ^n-k  ’  tl,e*r  comnlon 
length  is  : 

Lk  -  v\+,  <» 

Following  several  authors,  1  we  shall  assume 
that  the  distinction  between  regions  does  r.ot 
come  from  plate-thickness  difference,  but  from 
specific  mass  difference  :  each  couple  (R^, 

^2n-k^  determined  by  the  thickness  h,  inde¬ 
pendent  of  k,  the  abscissa  ±(0^.  D^)  and  tlle 
length  L^,  and  the  specific  mass 

Since  we  assume  an  elastic  material  having 
the  properties  of  AT-cut  quartz  plates,  we  con¬ 
sider  mechanical  displacement  u(x,y,t)  along 
x-axis  and  the  stress  equations  : 

T!“c.l^  (2) 


3  u 

T6  =  C66  S"y 


^  Continuity  conditions  on 


where  c. ,  and  C,,  do  not  depend  upon  k  ;  hence 
1 1  bo 

exist  only  thickness-shear  and  x-longitudinal 
stress.  Newton's  law  in 


3t6 


>2u 


kJ*t2 


(4) 


T^+  ay 

leads,  with  exponential  type  solutions  : 
uk=(Aksinakx+Bkcosakx)  sinBky  exp(-iwt)  (5) 


with  the  steady-state  assumption,  to 

2 


2  2 
C,,  a,  +  C  ,8. 
II  k  66  k 


pk  « 


(6) 


Boundary  conditions 


There  are  two  kinds  of  boundary  condi¬ 
tions  :  traction-free  assumption  on  the  faces  of 
the  plate,  and  continuity  of  displacement  and 
normal  stress  across  the  separation  between  two 
adjacent  regions. 

First  condition  on  y  “  +  h/2  : 

T6*c6&ek(Aks inc»kx+Bkcosakx) cos6k^exp (-iuit ) »0  (7) 
yielding  : 


*k  "  «P-»  * 


(8) 


then  the  wave  number  a. 


Continuity  of  uk,  Eq.  (5),  induces  conti¬ 
nuity  of  T^k,  since  8  is  constant  in  the  whole 

structure,  Eq.  (8)  ;  then  we  have  just  to  express 
the  continuity  of  uk  and  Tjk  : 

Tlk  ”  Ci,ak(VosV-BkSinV>sinBy  02) 

Omitting  factors  independent  of  k,  we  have  to 
write  continuity  of  : 

A^sina^x  +  Bkcosakx  (13) 

a^A^cosa^x  -  Bksinakx)  (14) 

In  R  and  R.  we  shall  modify  the  notations  : 
o  2n 

actually  in  both  these  infinite  regions,  no 
reflections  may  occur,  and  we  shall  use  the 
following  functions  : 


with 


If  U  >  10. 


u  =  A  exp  {-i  (a  x  +  ut) ) 
o  o  r  o 


u2n  =  A2n  exp  {i(V  "  ut)) 


2  *0,2  2. 
a  »  -z —  (os  -os  ) 
o  cn  o' 


ao  “  {6^  (“2  ’  “2)) 


(15) 

(16) 

(17) 

(18) 


'll 


,  2  2  . 
(u  “V 


where 


Pk 


(2P-1)  J 


(9) 


(10) 


From  now  on,  we  shall  omit  the  exp(-iwt) 
factor  and  simplify  Eq.  (10),  omitting  (2p-l)  : 


i  (!W) 

h  V 


ao 


noticing  that  the  following  analysis,  valid  in 
the  vicinity  of  the  fundamental  mode,  can  be 
extended  for  the  (2p-l)-mode  after  reintroduc- 
tion  of  this  coefficient. 

In  Rk  and  l^n-k’  ak  *s  pure 
number  when  u  is  lower  than  wk  ;  for  w  greater 
than  v.'k ,  ak  is  real  and  propagation  occurs  along 

X-axis.  According  to  common  use,  u.>k  is  the  cut¬ 
off  frequency  of  Rk>  l^n-k' 


in  order  to  get  propagation  to  the  left  in  R  and 


to  the  right  in  R 
If  Id  <  U 


2n‘ 


a  “  iy 
o  o 


(19) 


in  order  to  get  an  attenuated  wave  to  the  left  in 
2n’ 


Rfl  and  to  the  right  in  R7n,  with 


i  °  t  2 

Y„  “  It —  (w  -  w  )) 

o  o 


(20) 


We  shall  write  continuity  conditions  on  -D., 

-D,  ,  -D  ,  D  ,  D,  and  D,  :  1 

k'  n  n  k  1 


Conditions  on  -D 


A  expia  D.'-A.sina.D.+B.cosa.D, 
o  o  I  I  III  II 


(21) 


-ia^^xpia^j^aj  (AjCosajDj+BjSina  jDj)  (22) 


Conditions  on  -D^  : 

-Ak- 1 s  inak- 1  Dk+Bk- 1  cosak- 1  Dk  ‘ 

-Vin“kVBkcos\Dk 
ak- i{Ak-i cosViVBk- isinViDk>  “ 

\{Akcos“kDk+BksinakDk1 


Conditions  on  -D  : 

n 

“A  ,sina  ,D  +B„  .cosa  ,D  “ 
n- 1  n-l  n  n- I  n-I  n 

-A  sina  D  +B  cosa  D 
n  n  n  n  n  n 


a  ,{A  ,cosa  ,D  +B  .sina  ,D  }  » 
n-I  n-l  n-l  n  n-I  n-l  n 

a  {A  cosa  D  +B  sina  D  } 
n  n  n  n  n  n  n 


Conditions  on  D 


A  sina  D  +B  cosa  D  =* 
n  n  n  n  n  n 

A  ^.sina  ,D  +B  itcosa  ,D 
n+l  n-l  n  n+1  n-l  n 


General  theory  of  A^  detenainants 

Canonical  form  of  A 
.  n 

The  determinant  of  the  system  of  equations 
in  Aj,  and  B^,  may  be  written  in  such  a  way  that 

the  symetry  of  the  problem  will  appear  more 
clearly.  Details  of  sign  inversions  to  perform  on 
different  rows  and  columns  will  not  be  indicated 
here  (see  appendix  1). 


♦k  °  “kDk 


*'k  "  akDk+l 


®k  vk  v  k  k 

for  k  >»  1,  2,  ....  (n-l),  and 

0  “  e  •»  a  D 

n  Tn  n  n 

An  is  given  in  Fig.  (2). 
Development  of  A 


a  (A  cosa  D  -B  sina  D  ) 
n  n  n  n  n  n  n 


a  ,{A  ^.cosa  ,D  -B  ^.sina  ,D  ) 
n-l  n+l  n-l  n  n+l  n-l  n 


Conditions  on  Dfc  : 


A2n-ksinakVB2n-kCOS\Dk 


A2n-k+lsinVlDk+B2n-k+lcosVl°k 


Ke  develop  A  in  respect  of  2n-order  minors 
in  the  following  way  (cf.  Eq.  (37))  : 

Only  two  2n-order  minors  extracted  from  the 
2n  first  rows  give  non  zero  products.  They  are 
built  on  the  array  (I),  of  2n  rows  and  (2n-l) 
columns,  by  addition,  in  2nth  column,  of  corres¬ 
ponding  terms  of  column  2n  or  (2n+l)  of  : 

these  two  minors  are  called  Mgn  and  Mg  +  ( 


\(A2n-kC0SakVB2n-k3inakV 


ak- I { A2n-k+ 1 cos V 1 Dk"B2n-k+ I s inak- I V 


Conditions  on  Dj  : 


A2n-lsinalDl+B2n-lcosalDrA2nt!XPiaoDl  (31> 

J|,A2n-lcosalDrB2n-l8inulDl  *iaoA2nfixpiaoDl  (32) 

On  the  2n  separations  between  the  (2n+l) 
regions,  we  wrote  An  homogeneous  linear  equations 
between  the  A^  and  B^  :  there  are  2(2n-l)  A^  and 

B,  for  k  from  1  to  (2n-l),  and  A  and  A,  :  we 
k  o  2n 

have  an  homogeneous  system  of  4n  linear  equations 
between  the  An  unknowns  A^  and  B^. 

The  An-order  determinant  An  of  this  system 

gives  the  resonance  frequencies  equation  of  the 
n-order  structure. 


(37)  A 


C2n 

C2n+I 

!  0 

o  : 

U  .  .  ^ 

-  •  -  -  -j  : 

1  -sine 

1  n  , 

-cose  6 

n  i 

1  a  cose 

1  n  n 

-a  sin* 
n  n  , 

r  ~  i 

1  -sine  , 

l  n  , 

cose 

n  1 

a  cos  ,*  ' 
in  n  ' 

>  » 

Vin’n  *  (lI) 

9  1 

?  ! 

The  cofactors  minors  of  M0  and  M- 


are  the 


2n-order  minors  built  on  the  array  (II)  by 
addition  in  first  column  of  the  respectively 
corresponding  terms  of  columns  (2n+l)  or  2n  of  '  ; 


-  hi 


we  call  N„  . .  and  N.  these  cofactors.  We  get 
zn+ 1  in 


An  =  M2nN2n+l  "  M2n+1  N2n  (38) 


It  is  easy  to  verify  that,  after  an  even 
number  of  permutation  of  rows  and  columns  : 


defined  for  the  (n-I)-structure  obtained  from  the 
n-structure,  by  removing  the  center  region  R^, 

and  joining  Rn_j  and  Rn+[  into  a  single  region, 

the  center  region  R'  .  of  the  (n- I ) -structure. 
n-1 

More  details  appear  in  appendix  3. 


M2n  -  N2n 


M2n+I  =  ~  N2n+1 


yielding  finally  : 


Study  of  An  roots 

We  showed  that  the  A  roots  divide  in  two 
n 

sets,  S  roots  and  X  roots.  Equations  can  be 
written  : 


An  =  2M2nN2n+l 


We  change  the  notation  of  Mj  and  Njn+j  into 
Tn  and  Sn  which  have  the  following  forms  : 


from  S^,  Eq.  (45)  ;  and 

H  “  F 
n  n 

from  T  ,  Eq.  (46),  where  we  call 

G  =  -  a  tane 
n  n  n 


n  tan0 


a  sin$ 
n  n 


Fn  *  an-l  T 


a  cos4> 
n  n 


where  (I)  is  the  array  extracted  from  the  2n 

first  rows  and  (2n-l)  first  columns  of  A  . 

n 

Resonance  frequencies  equation  is  then  : 


Several  properties  are  demonstrated  in 
appendix  4  :  Gn  and  »n  are  real  decreasing  func¬ 
tions  whatever  u  is  ; 

F  is  real  when,  and  only  when,  a  is  pure 
n  o 

imaginary  :  thus  all  the  roots  of  Eq.  (47)  and 
(48)  are  lower  than  a>o  j 

Fn  is  a  real  increasing  function  for  any  w 

lower  than  u  . 

o 

To  obtain  the  roots  of  Eq.  (47)  and  (48),  we 

discuss  functions  V  and  W 
n  n 


giving  two  series  of  solutions  referring  to  roots 
of  S„  and  T  :  it  is  shown  in  appendix-2,  that 

n  n  rr  , 

the  S  roots  are  related  to  the  symetrical  modes, 
and  the  roots  to  the  antisymetrical  modes. 

Recurrence  relationship 

If  wo  develop  Sn  and  T  ,  given  by  Eq.  (42) 
and  (43),  we  find  the  following  formulas  : 

Sn  "  Sn-I  Vlcos6n  +  Tn-lVin0n  (45) 

Tn  *  "Sn-1  Vlsin0n  +  Tn-lVos0n  <46) 
where  the  and  Tn_|  are  the  determinants 


V  =  F  -  G 
n  n  n 

W  »  F  -11 

n  n  n 


depending  upon  the  variable  X,  normalized  fre¬ 
quency  given  by  : 


X  "T  -  1 

u 

o 


the  interval  to  be  considered  is  (-1 ,  0),  corres¬ 
ponding  to  the  frequency  interval  (0,  w  )  contai¬ 
ning,  as  just  seen  above,  ail  the  roots°of  V  and 

n 

W  .  Inside  this  interval,  V  and  W  are  real 
n  n  n 

increasing  functions,  and  it  will  be  possible  to 

predict  the  number  of  their  roots,  from  the 


number  of  their  poles  and  Che  sign  of  cheir 
values  for  X  =  -  1  and  X  =  0. 

To  simplify  the  notation  we  shall  write  Ln 
instead  of  Dn>  Each  couple  (R^,  R2n-lP  may  be 
defined  by  a  parameter  flk 

L  1 

\  ■  Kr  <Ji ' 1)2  (5S 


where  K  depends  only  on  the  elastic  constants  of 
the  material  : 


K  »  *  (- — ) 


m,  a  — 
K  0) 


and,  with  Che  same  discussion  for  W  : 

n 

Z(T  )  =  P(H  )  +  n 
n'  n  n 


Actually,  if  Fn  and  Gn  have  a  common  pole, 

it  can  be  shown  easily,  that  this  pole  is  a  root 

of  S  -  0. 
n 


We  get  finally 


Z(A  )  =  P(V  )  +  P(W)  +  c  +  n 
n  n  n  n  n 


It  is  shown  in  Appendix  A  that 
Qk  +  1 

P(Gk)  =  E  (-^-y-) 


P(Hk)  =  E  (~) 


From  Eq.  (52)  and  (53),  it  is  obvious  that 
poles  of  Vn(X)  are  poles  of  CX)  and  poles  of 

Gn(X).  If  P(F)  is  the  number  of  poles  of  a  func¬ 
tion  F(X),  we  get  : 


P(V  )  »  P(F  )  +  P(G  ) 
v  n'  n  '  n' 


Between  two  successive  poles,  V  has  one 

n 

zero,  since  it  is  increasing.  We  shall  discuss 

later  on  the  case  where  F  and  G  have  a  common 

n  n 

pole.  Between  -I  and  the  first  pole  of  Vn,  there 

is  still  one  zero,  since  vn(_0  is  negative. 

V  has  thus  P(V  )  zeros  between  -1  and  its  last 
n  n 

negative  pole.  Between  this  pole  and  0;  presence 
of  a  zero  of  depends  on  the  sign  of  vn(0)  : 

if  Vn(0)  0,  there  will  exist  one  pole  in  this 

interval . 

Let 


'n  (,V 


“n  (‘V 


..  «„)  ■  Vn(0)  =*  Fn(0)  -  Gn(0) 


.,«„)=  Wn(0)  -  Fn(0)  -  Hn(0) 


and  let 
follows 

us 

define 

two  numbers  c  and 
n 

nn,  as 

f  =  0 

n 

if 

X  <  0 

n 

*  1  n  ”  1 

if  X  * 
n 

0 

(6!) 

nn  -  0 

if 

Mn  '  0 

;  nn  =  1 

if  un 

0 

(62) 

Qk  -  E  (2  -*> 


E(N)  meaning  the  integer  part  of  a  positive 
number  N. 

If  fik  is  pure  imaginary,  i.e.  when  «k  ' 
or  >  I ,  we  shall  say  that  Qk  is  zero. 

It  is  also  shown  in  Appendix  A  that 

P(Fk)  =  Z(Wk_,)  (69) 

leading  to 

n-l  Qk  n-l  Q  +  I 

Z(Sn)  »  Z  E(.~)  +  Z  nk  +  E(--y-)  +  tn  (70) 


n-l  Q  n-l  Q 

Z(T  )  »  l  Efcp)  *  Z  < v  +  E(^)  +  r, 
n  |  i  |  k  l  n 


Functions  Gn(X)  and  Hn(X)  are  never  equal, 

their  representative  curves  do  not  cross 
eachother,  and  the  poles  of  one  of  them  are  the 

zeros  of  the  other.  Zeros  of  V  (X)  and  W  (X)  are 

n  n 

then  interlaced  in  (-1,  0).  First  resonance 
occurs  always  on  a  symetrical  mode  as  Gn(X)  is 

lower  than  H  (X)  between  -1  and  P  ..  These 
n  nl 

remarks  show  that 


Z(Sn)  >  Z(Tn)  >  Z(Sn)  -  I 


We  get  on  the  other  hand,  from  Eq.  (70)  and 


If  Z(F)  is  the  number  of  zeros  of  a  func¬ 
tion  F(X),  we  come  to  : 


z(sn)  -  p<y  ♦  cn 


Z(V  ■  ?  2E(r>  +  •  2”k  +  Qn  +  'n  +  -n  (73) 


-  'il  - 


If  we  consider,  in  a  n-diraensions  space,  the 
point  Mn  of  coordinates  ftj,  ...,  ft^,  ...,  ftn,  it 

will  be  possible  to  know  Z(dn).  The  are  irame- 
diatly  obtained  from  the  ft^.  The  y^,  en  and  nn 
depend  of  the  position  of  Mn,  and  of  the  Mj, 

(flj,  ...,  ftp,  in  respect  of  surfaces  having  the 
following  equations  : 

Xn  (flj . ftp  =  0,  and  1 / =  0  (74) 

surfaces  across  which  sign  of  Xn  changes 

and  y^  (or  1/yp  =0  k  »  1,  ....  n  (75) 

surfaces  where  sign  of  y^  changes. 


The  are  characteristic  points  of  the 

k-structures  deduced  from  the  n-structure,  as 
indicated  before.  These  points  are  projections  of 
on  k-dxraensions  sub-spaces. 

The  surfaces  divide  the  space  in  bands  where 
Z(4p  is  constant.  Since  the  actual  representa¬ 
tion  is  rather  troublesome  in  general  case,  we 
give,  as  illustration,  the  chart  in  (ft.,  ftp 

plane,  for  structures  of  2nd  order  (Fig.  3). 


PROPAGATION  suivant  OX 


Fig.  3  Chart  in  (i.j,  Uj)  plane  of  resonance  number  of  a  2nd-oraer-structure 
with  L,/L2  -  3.7. 


Application  to  monolithic  filters 

Corrections  in  piezoelectric  crystals 

Without  solving  general  equations  o£  piezo¬ 
electric  structures,  some  corrections  may  be 
introduced  to  take  in  account  influence  of 
piezoelectricity,  and  of  some  coupling  effects. 
These  corrections  will  be  mainly  useful  in  nume¬ 
rical  computation  of  resonance  frequencies. 

We  know  first  that,  in  a  piezoelectric 
crystal,  effective  elastic  constants  to  be  used 

E  2 

differ  slightly  from  the  elastic  constants  c  : 

ce££  =  c  (1  +  O  (76) 

•-  is  the  electromechanical  coupling  factor  of 
the  material  j  corrections  depend  on  the  direc¬ 
tion  of  propagation,  and  of  electric  field. 


Furthermore,  for  structures  along  Z-axis  of 
AT-cuc  plate,  the  above  discussion  applies  no 

more,  due  to  coupling  between  T,  and  T, ,  since 

5  o 

"56 . 

instead  of  c 
Z-axis. 


II  for  X-axis,  c^,. 


‘56 


C55C66 


for 


We  know  also  that  a  piezoelectric  resonator 
operates  on  * /2 ,  for  the  parallel  resonance,  and 
not  for  the  serie  resonance.  At  this  frequency, 
Eq.  (8)  is  no  more  valid,  but  we  must  use 


_/h 


(77) 


wher<.  p  is  the  p1'1  root  of  the  equation 


z  =  •  tanz 


(78) 


lor  *ow  coupling  factors,  is  very  close 
to  ( -f*—  I )  /2.  For  AT-cut  of  quartz,  we  find  : 

y(I-32.IO“S  (79) 

.'his  lowering  effect  on  frequency,  due  to 
short-circuit  conditions  at  scrie-resonance,  has 
to  be  taken  in  account  for  computation  of  the  m^. 
A  resonator  operating  near  the  serie-resonance, 
has  <i  cut-off  trequcncy  lowered  by  plate-back, 
and  by  the  electric  charge  effect  of  Eq.  (79). 

In  monolithic  filters  with  more  than  two  coupled 
resonators,  it  must  bo  noticed  that  only  access 
resonators  are  subjected  to  the  cut-off  frequency 
lowering  effect  of  Eq.  (79),  while  this  effect 
does  not  apply  for  an  intermediate  resonator, 
except  if  its  electrodes  are  shore  circuited. 
Otherwise,  intermediate  resonators  have  a  cut-off 
trequency  related  with  operation  near  parallel 
resonance. 


rpmpu-.a  ion  of  rtsonriKi.  irequein  ies  of 
monolithic  filters 


iluural  diseu'-^ion  of 


roots,  with  above 


corrections,  can  be  used  to  compute  resonance 

frequencies.  The  method  is  an  iteration  process 

giving  roots  of  S  and  T  from  roots  of  T  , . 
06  n  n  n-1 

Effectively,  poles  of  Vn  are  poles  of  G^  and 
roots  of  Tn_j.  After  ordering  poles  of  Vn  coming 
from  Gn  and  T  j ,  we  have  just  to  apply  any  inter¬ 
polation  method  to  find  the  zeros  of  between 
two  successive  poles  of  V^.  We  do  the  same  way 

with  T  from  11  and  T  , .  Tests  of  sign  should  be 
n  n  n-i 

made  on  X  and  u  to  know  if  there  is  one  root 
n  n 

between  the  last  pole  and  zero. 

Filters  tuning 

C 

Some  authors-*  showed  that  the  n  first  modes 
of  a  n-resonators  filter  are  related  to  modes 
having  0  to  (n-l)  nodal  lines,  a  nodal  line  in 
the  center  region  being  characteristic  of  anti- 
symetrical  modes. 

Theoretical  curves  of  resonance  frequencies 
of  a  2  resonators  filter  show  that  the  first 
antisymetrical  frequency  is  almost  independent 
of  the  center  region,  or  (Fig.  4). 


Measurements  achieved  on  2  resonator  plates 
with  special  electrodes  configuration  (Fig.  5) 
confirm  this  result.  On  these  structures,  m,, 

then  7,  may  be  changed  bv  additionnal  plating. 
Variations  due  to  change  of  m7  are  small  for  ihe 

first  antisymetrical  mode  compared  to  the  first 
symctrical  mode. 

Some  experiments  have  been  performed  to 
extend  this  property  :  frequency  of  a  given  rode 


is  weakly  dependent  on  variations  produced  in 
regions  wheie  this  mode  has  a  nodal  line.  Expe¬ 
rimental  curves  are  shown  Fig.  6  and  7. 

By  specific  action  on  cut-off  frequencies  of 
resonators,  or  of  some  interresonators  region,  it 
is  possible  to  tune,  almost  independently,  the 
different  resonance  frequencies. 

In  relation  with  the  frequency  tuning  pos¬ 
sibilities,  we  tried  to  define  a  monolithic 
filter  by  its  resonance  frequencies  in  short- 
circuit,  rather  than  by  an  equivalent  network, 
since  these  frequencies  are  the  only  easily 
measurable  parameters.  This  approach  in  filter 
synthesis  is  being  done  in  CNET,  and  could  apply 


as  well  to  filters  of  HCM  type,  developped  most 
in  Japan,  for  tuning  of  capacitors^. 


n. 


Tig.  7  Variation  o(  the  first  (our  nson.inee  frequencies  of  rcvn.itvt 
structure,  as  function  of 


This  method  could  be  of  great  interest  spe¬ 
cially  for  filters  requiring  weak  ripples  in  ■ 
passband,  i.e.  accurate  tuning.  Filters  using  two 
plates  with  two  coupled  resonators  have  been 
tuned,  to  achieve  frequencies  computed  for  ripple 
of  .1  and  .2  db,  and  follow  the  theoretical  curves 
quite  well. 

Conclusion 

Mathematical  discussion  of  determinants  re¬ 
lative  to  structures  with  n  coupled  resonators, 
lead  to  some  general  properties  of  resonance  fre¬ 
quencies  cf  these  structures. 

It  had  been  shown  that  the  design  of  spurious 
free  filters  was  not  quite  equivalent  to  the 
design  of  single  response  resonators  evaporated 
on  the  same  plate.  Tae  problem  is  actually  connec¬ 
ted  with  properties  of  the  whole  monolithic 
structures. 

Purity  criterion  are  not  of  simple  use,  nor 
the  tuning  of  resonance  frequencies.  But  progress 
in  knowledge  of  physical  phenomenons  could  help 
to  improve  practical  methods  of  fabrication  of 
monolithic  filters. 


g.  6  Variation  of  the  first  four  resonance  frequencies  of  4  resonator 
structure,  as  function  of  i.,. 


Appendix  I 

Canonical  form  of  A 

.  —  —  n 

The  determinant  given  in  Fig.  2  is  obtained, 
from  the  determinant  of  the  linear  system  in  A^, 

B.  of  boundary  conditions,  by  sign  inversions  on 

some  rows  and  columns. 

With 

A'0  ’  A0expi“oDl  A(l> 

V2n  “  A2nexpiaoDl  A<2) 

the  linear  system  of  equations,  from  Eq.  (21)  to 
(32),  is  : 

A 1  q+A  j  sin<{>  j -B  |  cosi(' j  =0 
-iaQA 1  q-A  j  a  j  cos<J>  | -B  |  a  |  s  in<}' |  =0 

"V 1  sin*k- 1 +Bk-  \C0SK-\ +Aks  inVBkC0S  V° 

Ak-iVicos*k-i+Bk-iak-isinVi  " 
VkC0SVBkVin*k " 0 

'An-lsi<-l+Bn-lcos^-l+AnsinVBncos^nM0 


A(3) 

A(A) 

A(S) 

A(6) 

A(7) 


the  conjugated  rows  having  the  rank  4n-2k+l  and 
4n-2k+2  : 


0..0  sin$k  cos^  -sim{i^_|  -cos$k_jO. >0 


(1 7) 

0.  .0akcosi})k-aksin4.k-ak_1cos4.^_1ak_1sin({.^_10.  .0 

A(  18) 

Inside  appendix  I,  we  shall  call  L.  and  C., 
the  jth  row  or  column. 

In  L2k-1  an<*  L2k’  £erms  non  identically  null 
appear  only  in  to  ;  likewise  in 

L^n_2k+|  ant*  ^4n-2k+2  non-zero  terms  appear  only 
in  C^n_2k  to  C^n_2k+2*  The  pattern  of  the  deter¬ 
minant  of  equations  A^  to  A^j  is  shown  Fig. 
A^jj,  where  only  signs  are  indicated,  encircled, 

terms  the  sign  of  which  must  be  changed  in  order 
to  get  the  determinant  An  of  Fig.  2. 

Sign  inversions  of  C,n>  and  ^2n+2  lead 

to  proper  result  for  rows  L2n_|  to  L2n+2>  with 
3  inversions. 


We  shall  discuss  L.,  C.,  for  j  <  2n,  and 
j  >  2r..  J  J 


A  .  a  .  cos$ '  .  +B  ,  a  ,  sim}> '  .  -A  o  cos}  -  , 

n-l  n-l  n~ l  n-l  n-l  n-l  n  n  n  A 


B  a  sim)  »  0 
n  n  n 


(8) 


AnsinVBncosVAn+lsin^-rBn+lcos*n-}“0  A(9) 
fVuiosVBnVin^n'AntlVlcosiH  *  A 


B  ..a  .sinO  . 
n+l  n-l  n-I 


A2n-ksin  VB2n-kC0S  VA2n-k+ 1 8  in*k- 1 


B2n-k<lcos*k-l  "  0 


(10) 


\ll) 


A2n-kV0SVB2n-kVin*k  ' 

A .. 

02) 

A2n-k+ 1 V 1  cos^k- 1  +B2n-k+ 1  sin<*k- 1 

-  0 

A2n-lsinVB2n-lcosVA2n  “  0 

A03) 

A2n-lV0SVB2n-lVin*ri<xoA2n  “  0 

A04) 

the  two  rows  (2k— 1 )  and  2k  of  the  determinant,  k 
integer  from  2  to  n,  are 

0.  .0-sin^_j  C0Sl^k-|  sin^k  -cos\0**0 

A(15) 

0  •  -o V  i  oos*k- 1 V  i 8 in*k- 1  -VosV\sin\°  •  *0  ,  s 

A(  1 6) 


Low  indices 

In  Fig.  A^  ,  is  shown  set  of  four  rows 

L4q+1  t0  L4q+4  !  "oticin8  thac  L4q+3  t0  L4q+6 
have  the  same  pattern,  these  two  sets  are  L?.  , 
to  k2k+^,  with  .  even  or  odd.  ~l"  ' 

The  method  : 

sign  inversion  on  L2k+3,  L2k+A,  C2k+2.  A 
C2k+3  yte*ds  the  convenient  signs  on  these  '  ‘ 

four  rows,  k  having  a  given  parity. 

According  to  n  parity  two  ways  will  lead  to 
An(Fig.  2.) 

1 .  n  is  even 


n  =  2p 


A(20) 


the  two  first  rows  to  be  changed,  starting  from 
the  center  of  Fig.  A,..,  are  L,  ,  and  l  :  k 
must  satisfy 

2k+3  »  2n-3  A(21) 

yielding 

k  =  2 (p— I )  —  1  A^22) 

Method  A^jgj  must  be  applied  with  odd  k 


k  ■  2q+l 


A(23) 


-  49  - 


must  be  first  applied  to  change  sign 


set  of  four  rows  L4(^+3  to  has  convenient 

signs  after  app’ication  of  A^j,  q  decreasing 

from  (p-2)  to  0  :  the  last  sign  inversions  con¬ 
cern  Lj  to  Lg.  After  inversion  of  Lj,  L2  and  Cj, 

convenient  signs  are  obtained  on  the  array  Lj  to 

^2n-2’  a^ter  an  odd  nu®ber  of  sign  inversions. 

2.  n  is  odd 


n  »  2p-l 

A(24) 

Eq.  a^21^  yields  in  that  case 

k  -  2 (p-2) 

A(25) 

A^gj  must  be  applied  with  even 

k  : 

O* 

CM 

fl 

* 

A(26) 

This  time,  set  of  four  rows  L,  , ,  to  L,  , 

4q+I  4q+4 

will  be  transformed  into  convenient  form,  by 
application  of  A /|gs,  for  q  decreasing  from 

(p-2)  to  0  :  last  inversions  concern 

Lj  to  L4, 

leading  to  convenient  signs  after  an 
of  inversions. 

even  number 

High  indices 

The  sets  of  two  rows  V^q+3)  ,  l*4n-(4,+2)  . 

or  L4n-(4q+l)  ’  L4n-4q’  corrcsP°nd  *>  L4n-(2k+l)> 
L4n-2k’  w*th  k  odd  or  ever‘ 

k  =  2q+l 

or 

k  *>  2q 

A(27) 

A(28) 

Two  methods  may  be  applied  to  get  required 
signs  : 

Sign  inversions  on  C4n_(2k+)),  and 

.  1  \  (29) 


4n-(2k+l) 


Sign  inversions  on  C4n_(2k+2),  C4n.(2fc_1) 


and  L 


'4n-2k 


(30) 


The  first  column,  to  be  changed  in  sign, 
starting  from  the  center, io  C2n+3<  Depending  on 

n  parity,  we  still  find  two  cases  : 

I .  n  is  even 


n  »  2p 

A(31) 

k  must  satisfy 

4n-(2k+l)  -  2n+3 

A(32) 

in  order  to  apply  A<2g)  or  A(3Q) 

from  k2n+3  ! 

k  =  2 (p— 1 ) 

A(33) 

and  A(29) 


It  can  be  easily  verified  that  the  two 
methods  alternate,  due  to  column  indices 
relation-ship  :  A(29)  on  L4n_(2k+J)  and  L4n_2k 

for  k  even  decreasing  from  2 (p—  1 )  ;  A^^  on 

L/>n-(2k+l)  and  k4n-2k  ^or  k  odd  decreasing  from 
2  (p— 3) . 

Set  of  L.  .  and  L,  reffers  to  even  k,  then 
4n-l  <m  ’ 

to  application  of  A^2^  for  k  =  0  ;  sign  inver¬ 
sion  will  not  be  performed  on  C4n,  in  order  to 
get  the  required  signs. 

An  even  number  of  inversions  has  been  per¬ 
formed  on  high  indices  rows. 

2 .  n  is  odd 


n  =  2p~l 


in  this  case  Eq.  \^3]j  yields  to 
k  =  2p-3 


A(34) 

A(35) 


the  same  discussion  Ua  for  n  even,  can  be  applied 
but  alternate  application  of  A(29)  and  A(30)  *s 

performed  with,  respectively,  k  odd  decreasing 
from  2p-3,  and  k  even  from  2p-4. 

The  rows  L4n_|  and  L4n  reffer  to  even  k,and 

the  last  sign  inversion  is  ior  k  33  0> 

inversion  on  C4n  instead,  of  course,  of  C4n+]. 

An  even  number  of  inversions  has  been  performed 
on  high  indices  rows. 

To  sum  up,  sign  inversions  have  been  per¬ 
formed  on  the  rows  and  columns  of  the  determinant 
in  order  to  get  the  required  signs,  in  an  even 
number  if  n  is  even,  in  an  odd  number  if  n  is 
odd. 


Since  we  are  only  concerned  in  the  roots  of 
the  continuity  equations  determinant,  we  shall 
discuss  the  roots  of  A  ,  obtained  by  the  above 
method,  which  differs  from  the  primitive  deter- 
mir.’nt,  eventually  by  the  sign  only. 


Appendix  2 

Study  of  modes  related  to  Sn  and  Tn 

For  a  resonance  frequency  of  the  n-structure 
An  =  0,  and  we  can  compute  the  A^^  and  Bk,  as  a 

function  of  one  of  them,  A^  for  instance. 

U'e  shall  not  compute  actually  these  coeffi¬ 
cients,  but  we  are  going  to  show  how  An  and  Bn 
are  related  to  S  and  T  . 


Deleting  the  last  equation  (32)  of  the 
linear  system,  the  new  system  can  be  written, 
with  matrix  notation  : 


(A’)  Y  -  A'Y 
n  oo 


where  (4n-l)-order  square  matrix  (A^)  is  the 

array  A  where  last  row  and  first  column  have  bem 
n 

deleted  ;  Y  and  Y  are  column  matrices  : 
o 


All  2n-order  minors  of  ^n-!’  built  on  *ts 

first  rows  are  equal  to  aero,  except  the  minor 
built  on  the  2n  first  columns.  After  transfer  of 
the  (2n-l)th  column  in  first  position  we  find 
that  this  2n-order  minor  is  Sn>  except  eventually 
the  sign.  is  thus  proportional  to  Sft,  and  it 

can  be  shown  likewise  that  B  is  proportional  to 

T  .  n 

n 

If  An  «  0,  we  get  easily 


\  ("x)  "  u2n-k  (x) 


whereas,  if  B  •«  0 
n 


uk(-x) 


~u2n-k  (x) 


Roots  of  Sn  are  resonance  frequencies  of 
modes  defined  by  A symetrical  modes,  roots 
of  Tn  referring  to  antisymetrical  modes  defined 


Solution  of  system  *s  Si-ven  by 

h'jK  A(3 

6!  being  the  determinant  obtained  by  substitu¬ 
tion  in  A'  of  the  ith  column  by  Y  . 

n  o  • 

We  shall  compute  ^n-I  anci  52n  wbich  are 

related  to  and  B  .  <5'  .  can  be  written  : 

n  n  2n-I 


cos  <y,  0 - 0 

cos  <jf  «,smq(  0 - 0 

-*■'}  ««,?;  °-  -~° 


I  T'n.sj 

«n.1  »"<.|! 


0  «  —  coi  0 

?  |-«n5i"<i.0 -  ! 


.  lincf,  coi^  t 


C’  C' 

,n.1  2» 


Appendix  3 


Recurrence  formulas  on  S  and  T 
-  n  - n 

S  and  T  are  given  by  Eq.  (42)  and  (43)  ; 
n  n 

development  of  Sn>  for  instance,  in  respect  to 


its  last  column,  yields 

Sn  -  Vin»nA,n  "  C0SVin 


where  A,  and  AJ  are  (2n-!)-ordcr  determinants: 
in  in 


In 

0».0  -sin*'  . 

n-l 

cos*n-l 

A J  «  O..Oa  ,cosV  .a  .  sin^1  . 
In  n-1  n-1  n-1  ’n-1 


and  Ajn  the  array  extracted  from  the  (2n-2)  first 

rows  and  (2n-l)  first  columns  of  A  ,  or  S  ,  or 

n  n 

Tn.  Development  of  A)n  and  Ajn  in  respect  to  the 
last  row  yields 

4!n*cosCli2,n+sinCl12,n  A(44) 

4in"Bn-l(8in*i-lA2,a"c08ClA2,n)  A(45) 

It  can  be  shown  further  : 


-  51  - 


A2,n“an-lcosVlA3,n+sinVlA3,n  A(46) 


ii  »a  ,sin4>  .A,  -cosi  .  Al 
2,n  n-1  n-1  3,n  Tn-1  3,n 

leading  Co 

A,  =a  ,cos8„  ,  A,  +sin0  ,AI 
In  n-1  n-1  3,n  n-1  3,n 

A!  =*-a  .A!'=-a  ,  (a  .sinfl  .A., 

In  n-1  In  n-1  n-1  n-1  J,n 

cos9  , Al  ) 
n-1  3,n 

We  see  then,  that 


(47) 


V(48) 


"(49) 


In 


0—0  -sin<>'  „ 

n-z 


cos*n-2 


9 

I 

I 

0 

-sin8 


n-1 


In 


0— 0a  „cos<j>'  ,a  9sin<J>'  ,ia  ,cos0  . 
n-2  n~z  n  Z  n-z  l  n-1  n-l 

I  o 


(50) 


I 


i  a  , 
I  n-1 


0 

cos0 

sin0 


n-1 


n-1 


(51) 


where  A  is  the  array  built  on  the  2(n-l)  first 
rows  and  2 (n— 1 )— 1  first  colums  of  An> 

We  can  notice  then,  that  in  A,  terms  related 
to  Rn-1  do  not  appear,  and  that  in  A]n  and  A*|n* 

only  the  dimension  L  ,  is  to  be  considered  to 

define  Rn_j ;  By  iteration  of  the  development  we 

could  show  that  in  A  or  S  or  T  ,  only  the  L. 

n  n  n  k 

are  to  be  considered,  except  D  in  the  center 

region. 


The  determinants  A(n  and  A"n  are,  then,  T^_j 
and  S^_j,  relative  to  the  (n-l)-resonators 

structure  inferred  from  the  n-resonators  struc¬ 
ture,  by  removing  Rn>  and  joining  the  two  half¬ 
structures  obtained  into  a  single  one,  such  as 
Rn_l  and  Rn+)  give  a  single  region  R^_j  in 

the  new  structure  ;  R^_j  is  defined  by  the 
abscissa  +  D'_. 


D'  . 
n-1 


U  1 

n-1 


A(52) 


As  for  the  L^  of  ocher  regions,  they  remain  cons¬ 
tant.  We  shall  note  S  .  and  T  ,,  the  determi- 
nants  S^_j  and  T^_j  corresponding  to  the  (n— 1 ) — 

structure  inferred  as  said  above,  from  the 
n-structure. 


We  find  then 

S  »a  sin0  T  ,+a  ,cos0  S  .  A. 

n  n  n  n-1  n-1  n  n-1  (53) 

and  likewise 

T  =a  cosG  T  ,sin0  S  .  A, 

n  n  n  n-1  n-1  n  n-1  (54) 


Appendix  4 

Study  of  functions  Fk(X),  G^(X) ,  H^(X) 
Functions  Gk(X)  and  H^(X) 


Let  remind,  for  k  =  1,  2,...,n 


ek(x)  -  Vk(x) 

A(55) 

with, 

for  simpliticy 

L  =  D 
n  n 

A(56) 

and 

«k«  -  (x-v2 

with 

the  following  notations 

_wk 

H^k  (0 

0 

A(57) 

xk-  V1 

A(58) 

normalized  cut-off  frequency  in  (R^,  R2n_k) 

;  and 

c,,  2 

X  -  *  (—) 
cll 

A(59) 

When  X  <  X^,  a.  and  0fc  are  pure  imaginary, 

and  we 

shall 

introduce  real  quantitiesy^  and 

1 

1 

ak  “  iYk  “ 1  hr  (xk'x)2 

A(60) 

L  — 

n  •  •  K  k  ,v  vN2 

°k "  1Tk " 1  ^  ~  (xk_x) 

A(61) 

giving  for  G^  and  H^,  the  expressions  : 

Gk(X)  -  Yk  tanlnk 

A(62) 

Yk 

H.  (X)  =  ~ — 
k  tanln^ 

A(63) 

when 

X  >  X^,  we  have 

Gk  “  -Qktan\ 

A(64) 

-  - 


0 


Hk" 


tanO, 


and,  at  last. 


Gk  (y  =  0 

«k  <V  "  t 

k 


(65) 


X66) 


‘(67) 


We  notice  immediatly  that  and  are  always 

real  functions  of  X  ;  furthermore,  they  are 
decreasing  functions  :  it  can  be  shown  that 
G£  (X)  has  the  sign  of  : 


_J _ o  +  si"2.6k)  A 

cos26.  26k  }  A<68) 

k 


and  that  H£(X)  has  the  sign  of  : 

sin28. 


I 


sin  0, 


O  no  ') 
k 


(69) 


both  negative  expressions,  whatever  is  6.  ,  real 
or  pure  imaginary.  We  get  also  :  r' 


Gk(-.)  -£  tanhK  Ji 


,  ,,  K  I 

„k(-,)  - - j- 


‘(70) 


'(71) 


tanh 

both  positive  quantities. 

We  shall  notice,  at  last,  that,  since 
tan20k  J  -  1  for  real  or  imaginary,  Gk(X)  and 

Hk(X)  cannot  be  equal,  and  their  curves  do  not 
cross  eachother. 


Function  F,  (X) 

We  have  just  seen  before  that  G  and  H  are 

n  n 

always  real  .  Roots  of  Eq.  (47)  and  (48)  should 
belong  to  the  domain  of  the  variable  X  where  F 
is  real.  But,  from  Eq.  (51)  we  may  write 


F  „  -  H  fsiL—Sli 
"  Vl  Fn-1  -  V, 


(72) 


As  Hn_j  and  Gn_,  are  real  and  unequal  quan¬ 
tities,  it  is  easily  shown  that  Fn  is  real  if 
Fn_|  is  real,  and  only  in  that  case,  then,  by 
recurrence,  if  F,  is  real. 

To  get  F.(X),  we  only  have  to  consider  the 
l-order  structure,  i.e.  single  resonator,  and  its 
determinant  7  : 


sin6 |  -cose 


-ia  a, cos8,  -a,sin6,  0 


1  “Is 


1 


0  -sine j  cos6j 

0  a,cos8,  <XjSin0j 


and  we  know  immediatly  : 
S, 


-  23,1, 


(73) 


'1 


1 


*r 


*r 


i 


'i 


equations  leading  to  : 
G 


'1 


H 


a , tan6 


1 


1  tan6 


F ,  (X)  =  iaQ(X) 


ia  cos6, 
o  1 

A(  74) 

ia  sine, 
o  1 

A(75) 

A(76) 

A(77) 

"if  * 

A(78) 

The  condition  to  be  satisfied  in  order  to 
real  is  thi 

X  <  0  or  u  <  u 


have  all  F,  real  is  thus  : 
k 


(79) 


From  Eq.  (19)  and  (20),  we  get 


F,(X) 


-Yo(X)  =  -  f  /=X 


(80) 

This  result  is  very  important  :  all  resonan¬ 
ce  frequencies  of  the  structures  are  lower  than 
the  cut-off  frequency  of  the  infinite  surrounding 
plate,  what  agrees  perfectly  with  the  energy 
trapping  theory  and  the  results  indicated  by  many 
authors  for  single  resonator. 


We 


shall  see  now  that  Fk(X)  are  increasing 


functions  for  -I  <  X  <  0  :  we  verify  in  Eq.  A,0-. 
that  F,(X)  is  increasing  function  of  X,  and  it 
will  be  shown  that,  if  we  assume  that  F  ,  is 
increasing,  then  Fn  is  increasing  too,  recurrence 
demonstration  leading  to  the  required  property. 

We  know  already  that  G  ,  and  H  ,  are  real 
n-i  n-i 

and  decreasing  for  any  X,  we  know  that,  in 
(-1,0),  Fn_,(X)  is  real,  and  we  assume  it  is 

increasing. 

By  derivation  of  Eq.  A^ ,, y  and  omitting 

(n-l)  inde:;  of  F^,,  Gn_,,  »n_, ,  Ln_,  and  0^,, 

F’  can  be  written  as  follows  : 
n 


5^  - 


F'(X)  =  -H*  (F-GH-^r— )  +  F’H(H-G)  + 

n  4ti 

H(H-G)(02)'2  (—  TT?)  A(8.) 

_ 0  sin  0 

4L2H* 

(F-H)2 

It  can  be  verified  that  all  three  quantities 
appearing  in  numerator  are  positive  :  then  F^(X) 

is  a  real  increasing  function  of  X  in  the  inter¬ 
val  (-1,  0). 


Poles  of  F,. ,  G^  and  H. 

Poles  of  F^(X).  Function  F^(X)  is  given  by 
Eq .(51)  which  shows  obviously  that  poles  of  F^(X) 
are  roots  of  T^_|(X),  thus  of  W^_|(X),  and  zeros 
of  F^(X)  are  roots  of  S^_j(X),  thus  of  V^_|(X)  ; 
X^_|  is  a  zero  of  F^. 


Poles  and  zeros  of  G^(X),  H^.  (X) .  When 
X^  >  0,  G^  and  H^(X)  are  given  by  Eq.  and 

and  have  neither  poles  nor  zeros  in  the 
interval  (-1,  0),  where  they  are  positive. 


»  0,  yx)  is  still  positive,  and 
Gk(X)  is  positive  except  for  G^X^  **  0. 

When  Xk  <  0,  these  functions  may  have  poles, 
and  we  shall  see  in  what  conditions.  Let 


When  Xk 


P 


kj 


\  {1 


(j 


Tih 

2KL, 


2 

)  -  1 


A(82) 


It  can  be  easily  verified  that 


°k^Pkj^  "  j  2  0  =  *.  2,  ...)  A(83) 

showing  that  : 

if  j  is  odd,  Pkj  is  pole  of  Gk  and  zero  of  Hk> 
while,  if  j  is  even,  Pkj  is  pole  of  Hk  and  zero 


of  G, 


k' 


Only  negative  Pk.,  thus  inside  the  interval 
(-1,  0),  are  of  interest  in  our  problem.  If  we 
let  1 


v°> 


Lk  I  2 

Kir  (J2 '  0 
\ 


(84) 


we  get  the  following  result  :  if 


j  1 *  nk ' (j+1)  1 

> 

CO 

i-n 

■W 

Pkj  '  0  '  Pk(j  +  1) 

A(86) 

Using  the  notation  E(N)  for  the  integer 
part  of  a  positive  number  N,  we  shall  note 


Q 


k 


E  ( 


A(87) 


and  Eq.  (85)  and  A(86)  mean  that  the  Qk  first 
Pkj  are  in  the  interval  (-1,  0). 


If  Qk  is  even,  Gk  and  Hk  have  each  Qk/2 
poles  in  (-1,  0)  ;  if  Qk  is  odd,  Gk  has  (Qk+l)/2 
poles,  and  Hk,  (Qk~ 1  )V 2 . 


More  generally,  it  can  be  verified  that  G. 

V  Qk 

has  E  ( — y)  poles,  and  Hk>  E  (y)  poles. 


We  get  besides 


Gk(°) 

y°) 


t  Van\ 


Lk  tanfik 


A(88) 

A(89) 


To  complete  the  discussion  we  need  the  sign 
of  Vk  (-1)  and  Wk(-1).  We  noticed  that  GR(-I) 

and  H.(-l)  are  both  negative  quantities,  cf. 

Eq.  A(70)  and  A ( 7 1 ) .  if  we  show  that  Fk (— 1 )  is 

negative,  y-l)  and  Wk(-1)  will  then  be  nega¬ 
tive. 

From  Eq.  A(72) 

Vl(X) 

Fk®  -  -Hk-.(x)  W^OO  A(90) 

If  we  assume  Fk_|(-1)  <  0,  Vk_ j (— 1 )  and 
Wk_j(-1)  are  negative,  and  since  Hk_j(-1)  is 
positive,  Fk(-1)  is  negative.  Since  Fj(-l)  is 
negative,  from  Eq.  A(80) ,  Fk(-1)  is  negative, 

then  y-l)  and  y-l),  for  anX 


-  91  - 


then 
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Abstract 

It  is  well-known  that  the  vibrations  of  mono¬ 
lithic  crystal  filters  are  very  accurately  de¬ 
scribed  by  the  equations  of  the  thickness-shear 
approximation,  which  yield  the  thickness-shear 
oranches  for  both  the  electroded  and  unelectroded 
portions  of  the  plate.  These  brandies  indicate 
that,  for  all  sections  of  the  plate,  the  wave- 
number  is  real  for  frequencies  above  the  thickness- 
shear  frequency  for  that  section  and  purely  imagi¬ 
nary  for  frequencies  below  that  frequency.  How¬ 
ever,  the  analysis  predicting  those  thickness- 
shear  branches  completely  ignores  the  (albeit 
small)  electric  fields  in  the  atmosphere  near  the 
surface  of  an  unelectroded  portion  of  the  plate. 

A  more  careful  investigation,  including  the  elec¬ 
tric  fields  outside  an  unelectroded  section  of  the 
plate,  reveals  that  the  dispersion  curves  for  that 
section  are  shifted  a  small  amount.  Analytic  ex¬ 
pressions,  relating  the  shift  to  the  ratio  of  di¬ 
electric  constants,  the  piezoelectric  coupling 
factor  and  the  pertinent  elastic  constants  are  de¬ 
rived.  In  particular,  it  is  shown  tiiat  the  real 
branch  has  zero  slope  at  a  small,  positive  value 
of  wave -number  and  that  the  previous  purely  imagi¬ 
nary  branch  has  become  complex.  One  consequence 
of  these  results  is  that  energy  trapping  disap¬ 
pears  at  a  frequency  slightly  below  the  chickness- 
shear  frequency  of  die  unelectroded  section. 


1.  Introduction 

It  is  well  known  that  the  vibrations  of  mono- 
1  2 

lithic  crystal  filters  ’  and  trapped  energy  re- 

3 

sonators  are  very  accurately  described  by  the 

equations  of  the  thickness-shear  approximation^’ 

The  thickness-shear  approximation  is  an  asymptotic 
form  of  Mindlin's  equations  of  coupled  thickness- 
shear  and  flexure  of  elastic  plates,  which  in¬ 
cludes  Che  thickness-shear  branch  but  ignores  the 
flexural  branch.  The  idea  of  excluding  the  flex¬ 
ural  branch  originated  with  Hindi  in  and  Forray^. 

It  should  be  noted  that  while  the  equations  of 
thickness-shear  and  flexure  and  the  associated 
edge  conditions  constitute  a  system  that  is  mathe¬ 
matically  well  set,  the  thickness-shear  approxi¬ 
mation  does  not  because  it  is  only  an  approxi¬ 
mation,  which  is  valid  in  a  highly  restricted  fre¬ 
quency  range  and  under  highly  restricted  circum¬ 
stances  and  all  the  edge  conditions  can  be  satis¬ 
fied  only  in  a-  approximate  sense.  It  should  also 
be  noted  that  in  the  thickness- shear  approximation 
both  shear  and  flexural  motions  coexist,  neither 
can  be  neglected.  These  comments  not  withstanding 
the  restricted  frequency  range  and  restricted  cir¬ 
cumstances  do  not  constitute  a  practical  limitation 
because  the  monolithic  cr.tlul  filter  and  trapped 
energy  resonator  are  operated  in  precisely  this 


range. 

The  dispersion  curves  obtained  from  the 
equations  of  the  thickness-shear  approximation 
for  all  sections  of  an  elastic  plate  indicate 
that  the  propagation  wave-number  is  real  for  fre¬ 
quencies  above  the  thickness-shear  frequency  and 
imaginary  for  frequencies  below  that  frequency. 
Consequently,  for  frequencies  slightly  below  the 
thickness-shear  frequency,  the  standing  wave  shape 
is  hyperbolic  (or  exponential)  and  for  frequencies 
slightly  above,  trigonometric.  Since  the  solu¬ 
tions  for  standing  waves  in  discontinuous  plates 
may  be  composed  of  the  standing  wave  solutions  in 
7  8  9 

infinite  plates  5  ’  ,  and  in  the  frequency  range 
of  interest  only  the  thickness-shear  branch  need 
be  considered,  plates  constructed  with  slightly 
different  properties  in  adjacent  sections  and  op¬ 
erated  in  a  frequency  range  between  the  thickness 
frequencies  of  the  adjacent  sections  will  have 
standing  wave  shapes  that  are  oscillatory  in  one 
region  and  decaying  in  the  other.  This  behavior 
serves  as  the  basis  of  the  trapped  energy  resona¬ 
tor,  as  observed  by  Shockley.  Curran,  and 
Koneval^,  and  the  monolithic  crystal  filter,  as 
observed  by  Sykes  and  Beaver1  and  Onoe  . 

The  purely  elastic-  or  even  piezoelectric- 
analyses  predicting  the  behavior  of  the  afore¬ 
mentioned  thickness-shear  branches  completely 
ignore  the  small  electric  fields  in  the  atmos¬ 
phere  near  the  surface  of  an  unelectroded  portion 
of  the  plate.  A  more  careful  investigation  in 
which  the  quasi-static  electric  boundary  condi¬ 
tions  at  the  dielectric-air  interface  and  La¬ 
place’s  equation  in  the  atmosphere  outside  the 
plate  are  satisfied  as  well  as  the  linear  piezo¬ 
electric  plate  equations  and  traction-free  condi¬ 
tions  at  the  plate-atmosphere  interface,  within 
the  framework  of  the  thickness-shear  approxima¬ 
tion.  reveals  that  the  previously  purely  imagi¬ 
nary  wave-numbers  for  straight-crested  waves  have 
become  complex,  with  a  small  constant  real  part. 

In  this  paper  analytic  expressions  for  the  real 
and  complex  portions  of  the  thickness-shear  dis¬ 
persion  curves  are  derived.  These  expressions 
give,  among  other  things,  the  aforementioned 
constant  real  part  of  the  complex  portion  of  the 
thickness-shear  uranc h  and  the  frequency  at  which 
the  real  portion  of  the  branch  becomes  complex. 

One  consequence  of  these  results  is  that  energy 
trapping  disappears  at  a  frequency  slightly  below 
the  thickness-shear  frequency  of  the  unelectroded 
portion  of  the  plate,  another  consequence  is  that 
no  energy  is  radiated  from  the  free  major  surfaces 
of  the  plate  in  the  steady-state. 


2.  Mechanical  Considerations 


It  is  well  known  Chat  the  mechanical  behavior 
of  both  the  trapped  energy  resonator  and  the  mono¬ 
lithic  crystal  filter,  is  very  accurately  de¬ 
scribed  by  Hindlin's  equations  of  coupled  thick¬ 
ness-shear  and  flexure  for  all  frequencies  below 
a  frequency  slightly  above  the  thickness-shear 
frequency  of  Che  unelectroded  portion  of  the 
plate  .  Schematic  diagrams  of  a  trapped  energy 
resonator  and  a  monolithic  crystal  filter  are 
shown  j.n  Figs.  1  and  2,  respectively.  For  waves 
independent  of  x^,  Mindlin's  equations  of  coupled 


thickness-shear  and  flexure  predict  the  well- 
known  dispersion  curves  shown  in  Fig.  3.  Of 
course,  at  a  given  frequency  u>,  a  real  value  of  § 
corresponds  to  a  trigonometric  function  of  x^  and 


an  imaginary  value  of  §  to  a  hyperbolic  (or  ex¬ 
ponential)  function  of  x^.  Mindlin's  equations 


may  be  used  in  obtaining  eigensoiutions  for  the 
structures  shown  in  Figs.  1  and  2,  by  satisfying 
the  respective  plate  equations  in  the  electroded 
and  unelectroded  regions  and  the  continuity  con¬ 
ditions1®)  11 


(0)  _ 

12  “  l12  > 


Ta)_X<l>  u^-u^ 
rll  TU  ’  1  1  > 


.(0)  -  n(0) 


(2.1) 


at  each  interface  between  the  regions.  The  bar 
refers  to  the  electroded  region. 

If  the  frequency  range  is  confined  to  be 
close  to  the  thickness-shear  frequencies  of  each 
section  of  the  plate,  as  is  usually  the  case, 
only  the  thickness-shear  branch  need  be  included 
as  first  observed  by  Mindlin  and  Forray  .  Under 
these  circumstances  the  thickness-shear  approxi- 
4  5 

mntlon  ’  is  valid  and  may  be  employed  in  place 
of  Che  more  cumbersome  equations  of  thickness- 
shear  and  flexure.  For  rotated  Y-cut  quartz  the 
differential  equations  of  the  thickness-shear 

12 

approx imation  take  the  form 


(1)  ~  “(1) 
U1  "  X2Ul  J  U1  =  X2U1  ' 


It  has  been  shown  that  the  conditions  for  the 
validity  of  (2.2)  and  (2.3)  are  that  the 
circular  frequency  w  be  very  near  the  thickness- 
frequency  and  that  the  propagation  wave  number  § 
be  much  less  than  the  plate  thickness  2h,  i.e., 


s  « 


(2.4) 

| |hj  «  1.  (2.5) 


In  Eqs.  (2.2)  and  (2.3)  R  =  2p'h’/oh  is  the  mass 
per  unit  area  of  a  set  (two)  of  electrodes  Co  the 
mass  per  unit  area  of  the  plate  between  the 
electrodes,  c ^  is  a  shear  elastic  stiffness,  Yjj 

a  flexural  stiffness^1,  e^  a  piezoelectric  con¬ 
stant  and  HgOig)  Mindlin's  shear-correction 

factor,  which  is  determined  by  equating  the  low¬ 
est  thickness-shear  frequencies  obtained  from  the 
three-dimensional  equations  for  each  region  with 
that  obtained  from  Eqs,  (2.2)  and  (2.3),  respect¬ 
ively.  In  Fig.  4,  the  dispersion  curve  predicted 
by  Eq.  (2.2)  is  shown  dotted  and  by  Eq.  (2.3)  is 
shown  solid.  Note  that  both  the  flexural  (y^) 

and  shear  constants  (c&^)  appear  in  equations  (2.2) 

and  (2.3),  and,  indeed,  y^  is  larger  than  cfc&. 

As  a  consequence,  equations  (2.2)  and  (2.3)  are 
merely  an  approximation  and  cannot  satisfy  all  the 
interface  continuity  conditions  in  (2.1).  How¬ 
ever,  when  the  conditions  for  the  validity  of  the 
thickness-shear  approximation.  (2.4)  and  (2.5). 

4  5  ^ 

are  satisfied  it  has  been  shown  '  that  the  con¬ 
tinuity  conditions 


u<l>  =u<l>. 


U<1>  =  T!(1> 

1,1  1.1’ 


(2.6) 


+  3R>*2  -  Vee]  u!l)  =  °- 

(2.3) 


where  (2.2)  is  for  the  unelectroded  portion  of  the 
plate  and  (2.3)  for  the  electroded  portion  and  the 

slopes  u^  and  uj^  are  related  to  the  displace¬ 
ments  Uj  and  Uj  by 


at  an  Interface  satisfy  all  four  conditions  in 
(2. 1)  approximately. 


3.  Piezoelectric  Considerations 


The  purely  mechanical  plate  equations  dis¬ 
cussed  in  Section  2  do  not  include  the  piezo¬ 
electric  coupling.  However,  Mindlin's  equations 
of  coupled  thickness-shear  and  flexure  have  been 
13  14 

extended  ’  to  include  the  piezoelectric  coupling 
and  the  electric  field  equations.  The  non-trivial 
electrostatic  plate  equation  accompanying 
Mindlin's  equations  of  coupled  thickness-shear 
and  flexure  is 


D 


(1) 

1,1 


+  2D 


(3.  n 


D  =  x  D(1) 
UL  X2U1  ’ 


Do  =  d!0)  +  x?D(2),  (3.3) 


=—  h2v  u<L>  (3  9) 

ni  3  Yn  i,i»  K  ‘ 

Dll)  =  *llul,Il  '  (3/2h3)Cu9<l),  (3-10) 


and  and  D2  are  Che  components  of  electric  dis¬ 
placement  in  the  1  and  2  directions,  respectively; 
and  D^,  and  are  plate  electric  dis¬ 

placement  functions,  which  depend  on  x^,  x^  and  t 

in  general.  In  the  thickness-shear  approximation 
the  piezoelectric  plate  equations  take  the  form^ 

T  hi  +  VeeKii *  [T  ^  ' 

k6C661  “l^  *  V26  2h  “  °' 


°20)  =  x6*26ull>  '  (15Mh3)e22cp(l)+  (3/4h)e22V, 

(3.11) 

D<2)  =  (15/4h5)e22(3t?(1)  -  h2V),  (3.12) 

where  the  electric  potential  resultant  cp^  is  de- 
fined  by  ’ 

h 

<P(1)  =  J  x2tpdx2. 

-h 


Note  Chat  if  the  electric  fields  outside  an  un- 
electroded  portion  of  the  piezoelectric  plate  are 


T  ftl  +  »6<‘  +  »>«m1  “{*u  +  I*1  + 

+  3R)ui  -  1  -  «6e26  =  0, 


where  V  =  cp(h)  -  cp(-h)  is  the  voltage  across  the 
major  surfaces  of  an  unelectroded  portion  of  the 

plate  and  V,  the  voltage  across  the  surfaces  of  an 
electroded  portion  of  the  plate,  and  cp  is  the 
electric  potential.  Equations  (3.4)  and  (3.5) 
contain  the  piezoelectric  coupling  and  replace  the 
purely  mechanical  equations  (2.2)  and  (2.3). 

Since,  for  the  thickness-shear  approximation  to  be 
valid,  Eq,  (2.5)  must  be  valid,  we  have 


|dJ1)i  «  |D<2)| 


and,  hence,  the  non-trivial  plate  equation  of 
electrostatics  reduces  to  Che  form 


excluded  -  by  setting  D, 


0  in  (3.11) 


Eqs.  (3.4),  (3.7),  and  (3.12)  reveal  that  the 
resulting  thickness-shear  branch  is  exactly  the 
same  as  the  dotted  curve  in  Fig. 4  for  the  purely 
elastic  case,  except  for  a  slight  shift  in  the 
thickness-shear  frequency,  which  is  a  result  of 
the  piezoelectric  stiffening.  However,  as  we 
shall  see  in  the  next  section,  this  is  not  the 
case  when  the  electric  field  outside  the  piezo¬ 
electric  plate  is  included. 


4.  The  Effect  of  External  Electric  Fields  on 
the  Thickness-Shear  Branch 

In  this  section  we  determine  the  effect  of 
the  electric  fields  outside  an  unelectroded  por¬ 
tion  of  the  plate  on  the  thickness-shear  disper¬ 
sion  curves  in  the  vicinity  of  the  thickness- 
shear  frequency.  To  this  end  we  consider  the 
electric  fields  outside  the  plate  within  the 
framework  of  the  thickness-shear  approximation. 

In  the  atmosphere  outside  the  surface  of  tne  un¬ 
electroded  portion  of  the  plate,  the  electric  po¬ 
tential  satisfies  the  equation13 


d<2)  =  0. 


9*11  +  9*22  =  °- 


In  the  thickness-shear  approximation  the  piezo¬ 
electric  plate  constitutive  equations  take  the 
form 


Tl?  “  2h  K6C66ull)  + 


The  electric  boundary  conditions  at  the  interface 
between  the  atmosphere  and  the  plate  are 


e  i 

cp  =  cp  at  x„  =  +  h. 


D2  =  D1  at  x2  =  +  h, 


where 


where  wQ  is  the  thickness-shear  frequency  of  the 
unelectroded  region  and 


D2  =  -«o<2>  (4-4) 

and  is  given  by  (3.3),  (3.7),  and  (3.11).  In 
this  Section  it  is  particularly  convenient  to  con¬ 
sider  the  solutions  in  the  atmosphere  to  be  of  the 
form 

<pe  =  +  Be"*"5  2  x  >  +  h, 


=66  =  c66  +  e26/e22>  (4ll3) 

is  the  piezoelectrically  stiffened  elastic  con¬ 
stant,  and  in  this  instance 


h6  =  </12- 


(4.14) 


which  satisfies  (4.1)  and  where  §  and  B  may  be 
complex.  Note  that  the  first  f  in  (4.5)  must  have 
a  positive  real  part  in  order  that  tpe  be  bounded 
as  x^  -*  +  ®,  but  that  the  second  §,  which  is  the 

propagation  wavenumber,  can  be  +  or  -  the  first  § 
by  virtue  of  (4.1).  From  (4.4)  and  (4.5)  we  ob¬ 
tain 


D,  =■  ±  e0gcp  at  x9  =  +  h, 


which,  with  (4.3),  (3.3),  and  the  fact  that 
V  =  cp(h)  -  cp(-h)  yields 


D^0)  +  h2D<2)  =  e0§V/2. 


From  (3.7)  we  obtain 


In  the  thickness-shear  approximation,  when  §  £  0, 
we  have 


<«  =  u>0  -  e,  |e|  «  uj0. 


(4.15) 


On  account  of  (4.5)  the  solution  for  uj  '  must  be 
written 


.  idxj-uit) 

uj  '  -  Ae 


(4.16) 


Substituting  from  (4.16)  and  (4.15)  into  (4.11), 
rearranging  terms,  neglecting  terms  of  order 
2 

(e/u>0)  and  introducing  the  condit  ,~\  for  a  non¬ 
trivial  solution,  i.e.,  A  t  0,  we  obtain 

(*.» 


-;(1)  =  Vh2/3, 


from  which,  with  (4.7)  and  (3.7),  we  find 


2h*6e2Sul 
e„(  1  +  r?h)  > 


$  =  |h,  6  =  e/u>0, 


(4.18) 


k2  =  ;26/c66e22’  P  =  (V11  +  *6C66)/3*6C66’ 


(4.19) 


r  =  e0/e22. 


(4. 10) 


Substituting  from  (4.9)  into  (3.4)  we  obtain 


and  k  is  the  piezoelectric  coupling  factor. 
Equation  (4.17)  is  a  cubic  in  the  dimensionless 
wave-number  t),  which  is  small  (|('|  «  1)  when  the 
thickness-shear  approximation  is  valid.  The  con- 
2 

stants  r,  f,  and  k  are,  of  course,  always  posi¬ 
tive. 


hr  ^  2  1  (1)  .  pi  2  2 

3  LV11  +  K6c66jl,  11  +  L  3  P<U  ’  *6 
2  2 

K6e26  -]  (1) 

’  e„(l  +  r|h)  ]U1 


(4.11) 


The  roots  (values  of  i)  for  a  given  6)  of 
(4.17)  can  readily  be  determined  numerically  for 
a  particular  cut  of  a  specific  material  such  as, 
e.g.,  A-T  cut  quartz,  for  which 


r  =  0.226,  r  =  1.418,  k  =  0.0078,  (4.20) 


When  5  =  0  we  find,  from  Eq.  (4.11) 
(Uo  “  3V66/l'2p> 


as  calculated  from  Beckmann’ s  values  of  the 
principal  constants^,  However,  because  of  the 
(4.12)  smallness  of  the  permissible  values  of  !;-|  and 

| 6 |  within  the  thickness-shear  approximation  and 


Che  usual  range  of  values  of  the  material  constants 
2 

r,  r,  and  k  ,  analytical  expressions  for  the  physi¬ 
cally  significant  dispersion  curves  $  =  ")(6)  can 
be  determined  from  (4.17).  Obviously,  such  ex¬ 
pressions  are  more  interesting,  illuminating  and 
potentially  useful  than  the  numerical  values  of 
the  dispersion  curves  themselves  in  a  specific 
instance.  Accordingly,  we  pi  teed  by  first  ob¬ 
serving  that  the  cubic  (4. 17)  must  have  at  least 
one  real  root  anc'^  when  6  is  positive,  the  root 
must  be  negative-'  and,  hence,  of  no  physical  sig¬ 
nificance  because  it  corresponds  to  solutions 
which  diverge  as  -*  +  Moreover,  the  nature 

of  Che  numbers  is  usually  such  (r  <  1)  that  the 
real  negative  root  is  large  and,  hence,  determined 
essentially  by  the  cubic  and  square  terms.  Keep¬ 
ing  these  observations  in  mind,  we  differentiate 
(4.17)  totally  with  respect  to  •)  to  obtain 


where  we  have  used  the  fact  that  r(r  «  1  in  obtain¬ 
ing  (4.25)  and  (4.26).  Setting  d 6/d ^  »  0  in  (4.21) 


and,  as  usual,  the  large  negative  root  does  not 
count,  and  the  small  positive  root  may  be  very 
accurately  approximated  by 

h  =  r(k2  -  26)/2f.  (4.27) 


Substituting  from  (4.27)  into  (4.17)  and  making 
use  of  the  fact  that  r\)  «  1  and  r^k^/f  «  l,  we 
find 


,,2  L  2  ,  k2  26  /  1\  2  d6  . 

3v  ♦--+  F+(*+r)Fd* -o. 


which,  since  r  <  1  and,  within  the  range  of 
validity  of  the  thickness -shear  approximation. 
1 «  1  when  real,  enables  us  to  write 


7  4 

6  •»  rV/sr, 

which  locates  the  relevant  point  of  zero  slope  in 
the  real  'jr-6  plane  at 

=  rk2/2r,  60  *  r2k4/3r.  (4.28) 


d6 

d-) 


-  *2  -  T*  +  f  (k2  -  26).  (4.21) 
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Onoe's  theorem  now  tells  us  chat  a  complex 
branch  emanates  from  this  point. 


At  the  thickness-shear  frequency,  6  =  0,  Eq.  (4.17) 
yields 

t<('2  +  -)/r  -  k2/r)  «  0, 
which  yields  the  three  real  roots 

i)  =  0,  (4.22) 


At  this  point  we  may  note,  from  the  large, 
real  negative  root  in  Eq.  (4.23)  and  the  fact  that 
this  root  is  essentially  determined  from  the  cubic 
and  square  terms  in  (4.17),  that  the  large,  nega¬ 
tive,  real  root  may  be  written 

♦  A,  lAl  «  1,  (4.29) 


±  i/1  + 


(4.23) 
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and  using  synthetic  division  and  dropping  all 
2 

terms  of  order  A  and  higher,  we  have 


One  of  the  two  roots  in  (4.23)  is  large  and  nega¬ 
tive  and,  lienee,  of  no  physical  significance.  The 
other,  which  is  snail  and  positive,  may  be  very  ac¬ 
curately  approximated  by 

i!  =  k2r/P.  (4.24) 


The  slopes  at  the  two  physically  significant  values 
of  )  for  6=0,  may  be  obtained  by  substituting, 
respectively,  from  (4.22)  and  (4.24)  into  (4.21) 
with  6=0,  with  Che  results 


df/d. 

=  rk2/2  at  6  =  0, 

*  =  0,  (4.25) 

d*/d-7 

2 

=  -rk  /2  at  a  =  0, 

i)  =  rk2/r, 

(4.26) 

l  22 

7  \  r  /  rr 


and  since  we  wish  the  remainder  to  vanish  to  order 
A,  we  find 

A  =  -rk2/[ (2*  -  k2)r2  +  71  . 


-K  - 


2  2 

and  since  (26  -  k  )r  «  f,  we  have  approximately 

A  =  -rk2/r,  (4.30) 

and  the  large  real  root  of  no  physical  interest 
is  given  by 

♦  «  -(l/r)(l  +  r2k2/r).  (4.31) 

Thus,  to  order  A,  the  remaining  quadratic  is  given 
by 

r*2  -  rk2?  +  26  =  0, 
the  roots  of  which  may  be  written 

#  -  fp  ±  ft  Jsn  -  r2k\  (4.32) 


Clearly,  both  complex  conjugate  roots  in  (4.32) 
are  physically  significant  since  the  real  part  is 
positive  and  corresponds  to  spatial  decay  as 
x2  “*  +  °°j  and  t*ie  real  and  imaginary  portions  of  •) 

are  small  enough,  if  6  is  small,  to  be  well  within 
the  range  of  validity  of  the  thickness-shear 
approximation.  Note  that  the  roots  of  (4.32)  be¬ 
come  real  when 

6  <  r2k4/8f\ 

and  that  (4.32)  predicts  the  intersection  of  the 
complex  branches  with  the  real  plane,  given  in 
(4.28)  by  our  earlier  analysis  of  the  real 
branches.  Indeed,  Eqs.  (4.32)  predict  the  cor¬ 
rected  version  of  the  thickness-shear  branch,  due 
to  the  electric  fields  outside  the  unelectroded 
surfaces  of  the  plate,  within  the  range  of 
validity  of  the  thickness-shear  approximation. 

The  dispersion  curves  giving  the  dimension¬ 
less  wave-number  (i  -  §h  as  a  function  of  6  s  e/u>0 

as  determined  from  (4.32)  are  plotted  in  Fig.  5, 
which  shows  that  the  purely  imaginary  dotted  dis¬ 
persion  curve  of  the  mechanical  solution  has  be¬ 
come  complex  with  the  real  part  independent  of 
frequency.  However,  it  turns  out  that  the  con¬ 
stant  real  part  of  complex  ■)  is  quite  small  for 
all  known  materials  because  whenever  k  is  reason¬ 
ably  large,  r  is  very  small.  Note  that  the  dis¬ 
persion  curves  having  Re  V  positive  only  have  been 
plotted  in  Fig.  5.  If,  as  is  usually  the  case, 
is  taken  to  represent  the  dimensionless  propaga¬ 
tion  wave  number,  the  if  values  with  Re  y  negative 
corresponding  to  the  Re  y  positive  curves  shown 
in  Fig.  5,  may  be  plotted  also  by  virtue  of  the 
sentence  following  Eq.  (4.5).  An  important  con¬ 
sequence  of  the  location  of  the  thickness-shear 
branch  in  Fig.  5  is  chat  energy  trapping  disap¬ 
pears  at  a  frequency  slightly  below  the  thickness- 
shear  frequency  of  the  unelectroded  section.  The 


small  amount  of  frequency  lowering  is  60(je0,  and  may 

be  calculated  from  (4.12),  (4.14),  and  (4.28). 
Moreover,  since,  when  energy  trapping  is  present, 
the  thickness-shear  branches  are  complex,  rather 
than  imaginary,  the  fields  in  the  atmosphere  out¬ 
side  an  unelectroded  surface  of  the  plate  corre¬ 
spond  to  standing  waves,  which  oscillate  and  de¬ 
cay  with  position,  rather  than  traveling  waves. 
Consequently,  there  is  no  radiation  of  electric 
field  energy  in  the  steady  state. 
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Summary 


1.  Introduction 


Filter  response  curves  for  experimental 
monolithic  filters  show  good  agreement  with  the 
theoretically  expected  shapes  of  pass  band,  but 
have  a  slight  asymmetry  which  is  discussed  in  the 
text. 

Early  filters  had  a  large  number  of  unwanted 
responses  in  the  stop  band,  many  of  which  wore 
due  to  untrapped  modes  of  vibration  and  were 
effectively  suppressed  by  damping  the  edges  of 
the  crystals.  However  the  filters  still  showed 
unwanted  responses,  the  stop  band  attenuation 
being  degraded  to  about  35"V5  dbs.  in  the 
region  of  the  blank  frequency. 


In  recent  years  theory  and  experiment  on 
the  monolithic  crystal  filter  have  been  ex¬ 
tensively  described  in  the  literature.  One  of 
the  earliest  peepers  to  bring  out  the  relation 
between  the  energy  trapping  effect  and  coupling 
between  neighbouring  resonators  on  the  same 
quartz  plate  was  that  by  Shockley,  Curran  and 
Koneval 1  ,  although  it  was  aimed  at  minimising 
this  coupling.  Later  papers,  such  as  Sykes, 
Smith  and  Spencer^;  Onoe,  Jumonji  and  KoborP 
and  Sykes  and  Beaver**-  discussed  the  design  and 
fabrication  of  monolithic  filters  in  which  the 
acoustical  coupling  is  utilised  to  obtain 
desired  filter  characteristics. 


Some  of  those  responses  are  caused  by 
trapped  modes  and  can  be  modified  by  the  choice 
of  platoback  or  electrode  geometry  in  designing 
the  filter.  Also  it  was  noted  that  operating 
monslithic  filters  in  tandem  gave  a  marked 
improvement  in  step  band  performance,  and  the 
concept  of  the  bi'ilthic  crystal  filter  was  than 
developed.  The  principle  is  to  make  the  filter 
in  two  halves  on  separate  quartz  wafers.  On  each 
of  the  wafers  the  coupling  between  resonators  is 
acoustic  and  is  determined  by  the  inter- 
resonator  spacing3,  but  between  the  wafers  it  is 
electrical  and  is  provided  by  a  shunt  capacitor. 
The  two  halves  aro  designed  so  that  their  un¬ 
wanted  response  spectra  aro  displaced  in 
frequency  with  respect  to  each  other. 

A  six  resonator  filter  has  been  developed 
having  a  band  width  of  10  kHz  at  10,7  MHz.  The 
device  has  the  two  wafers  mounted  back  to  back 
with  the  coupling  capacitor  at  the  upper  end  of 
the  assembly  and  fits  inside  a  standard  B3-13/U 
holder  (can  longth  O.985  in.). 

The  filtors  ahow  a  general  level  of  stop 
band  attenuation  better  than  100  dB  with  the  un¬ 
wanted  responses  being  no  worse  than  85  <33  at  a 
single  frequency.  Curves  are  also  shown  of  the 
effect  of  temperature  change  on  the 
performance. 


♦This  work  has  been  carried  out  on  behalf  of 
Salford  Electrical  Instruments  Ltd.,  Tines  Mill, 
Heywood,  Lancs,  England. 


In  this  paper  we  describe  some  of  our  ex¬ 
perimental  work  in  this  field  and  in  particular 
the  difficulties  encountered  in  obtaining  filter 
stop  bands  free  of  unwanted  responses,  it  is 
primarily  to  overcome  these  difficulties  that  we 
have  developed  the  bilithic  filter  construction 
which  is  described  in  the  paper. 

2.  The  Design  of  filters  and  their 
Pass-band  Performance 


The  design  method  we  have  used  is  that  out¬ 
lined  by  Beaver  in  his  paper  'Theory  and  design 
of  the  monolithic  filter'  5,  We  have  used  his 
formula  for  the  coupling  between  two  resonators 
spaced  along  tho  X  axis 

"  21  +  d  +  A\-2 

as  th&  basis  for  designing  monolithic  crystal 
filters  having  multiple  resonate--:  "a  the 
formula  c  , ,  Cxg  are  elastic  <  ~  -.e?-  ><,3  for  the 
AT-cut,  l^'and°  d  are  electro*.'  .'--.ngth  and 
resonator  separation,  +  is  thickness  of  the 
quartz  plate,  A  is  t  platobaek  defined  as  tho 
fractional  lowering  o.  frequency  produced  by  tho 
plating,  and  A  -■  ;  v?t. 

Disha1 '  ■  v  Jos^  have  been  used  to  design  the 
equivalent  .  ,r>‘cal  ladder  filter,  and  using 
Beaver '8  foiu.,Ua  the  inter-resonator  opacings  for 
a  chosen  electrode  size  and  platoback  have  been 
determined.  The  validity  of  this  approach  has 
been  checked  by  computerised  calculations  of  tho 


propagation  behaviour  of  our  resulting  designs. 

The  results  are  in  close  agreement  with  the  design 
bandwidth  and  ripple. 

Typical  pass  band  characteristics  for  ex¬ 
perimental  4-pole  (i.e.  4  resonator)  filters  are 
show*  in  figures  1  and  2.  In  each  case  the 
theoretical  curve  showing  tho  shape  of  the  pass 
band  sldrts  for  the  corresponding  ladder  of 
disorete  electrical  elements  is  shown  by  the 
dotted  line.  It  will  be  noticed  that  the  mono¬ 
lithic  filter  characteristics  are  not  symmetrical 
but  are  steeper  on  the  low  frequency  than  on  the 
high  frequency  side.  This  is  a  characteristic  of 
the  monolithic  filter.  The  inter-resonator 
coupling  is  a  function  of  plateback  and  is  there¬ 
fore  a  fairly  sensitive  function  of  frequency  in 
the  neighbourhood  of  the  pass  band. 

If  the  bandwidth  at  any  chosen  attenuation  is 
designed  as  2  Sf  and  extends  from  f  -  Sf  +  a  to 
f  +  Sf  +  a  a  skew  factor  S  may  be  “defined  as 

3  _  ^idth  of  pass  band  on  high  frequency  aide 
Width  of  pass  band  on  low  frequency  side 


it  was  found  that  a  large  number  of  unwanted  res¬ 
ponses  appeared  in  the  atop  band.  Figure  4  shows 
typical  behaviour  of  this  kind  for  a  4-polo 
filter.  Mary  of  the  responses  occur-  at  fre¬ 
quencies  above  the  blank  frequency  and  are  due  to 
untrapped  modes  of  vibration  which  involve  the 
whole  of  the  quartz  plate.  It  was  found  that  most 
of  these  could  be  effectively  suppressed  by  damp¬ 
ing  the  edges  of  the  plate  and  figure  5  shows  the 
same  filter  after  the  application  of  a  damping 
material  to  the  periphery. 

A  suitable  way  of  achieving  this  plate  damp¬ 
ing,  as  well  as  providing  a  convenient  method  of 
mounting,  is  to  secure  the  quartz  plate  by  its 
edges  to  a  fibre  glass  frame.  Typical  stop  band 
characteristics  of  monolithic  filters  which  wo 
have  mounted  in  this  way  are  shown  in  figures  6 
and  7.  It  will  be  noticed  that  there  are  un¬ 
wanted  responses,  particularly  in  the  neighbour¬ 
hood  of  the  blank  frequency,  which  severely  de¬ 
grade  the  stop  band  attenuation.  This  is  not 
surprising  as  trapped  overtones  close  to  the 
blank  frequency  will  be  strongly  coupled  since 
they  are  operating  at  effectively  low  values  of 
plateback. 


_  Sf  +  a 

Sf  -  a  (Seo  figure  3) 

It  can  bo  shown  from  Beaver's  formula  by  taking 
S  as 


Monolithic  filtor  designs  have  been  tried  at 
various  values  of  plateback  without  a  significant 
improvement  in  this  performance,  the  best  designs 
giving  a  stop  band  attenuation  no  better  than 
about  55  dB  (see  figure  7  for  tho  stop  band  of  a 
six  pole  monolithic  crystal  filter). 


Coupling  coefficient  for  A  = 


f  -  Sf  -  a 
o 


Coupling  coefficient  for  A  = 


fb  '  fo  +  5f  "  0 


I J 

that  approximately  log  .s  =  0.99  r  A-*  where 
IV  z  1  o 

b 

A©  is  tho  plateback  for  a  Kid  band  frequency  f 


and  blank  frequency  f^  i#e* 


_  fb  -  f 0 


.  The 


corrections  a  can  thon  be  found  since 
S  -  1 


0  -  Sf 


S  +  1  * 


In  figures  1  and  2  this  procedure  has  been 
used  to  corroct  tho  theoretical  curves  aid  the 
results,  shown  by  the  broken  lineo,  are  a  better 
fit  to  the  practical  curvoo.  The  formula  shows 
that  for  designs  of  equal  bandwidth,  those  using 
a  lightor  plateback  (and  therefore  wider  intej> 
oloctrode  spacing)  will  be  more  skewed.  Thie 
is  illustrated  by  the  figures  in  which  tho  curve 
in  figure  1  for  a  filtor  of  0.01  platobaok  is 
more  skowed  than  the  curve  in  figure  2  which  is 
for  a  filter  of  similar  bandwidth  but  having  a 
plateback  of  0,02. 

3.  Factors  Affecting  the  Stop  Band 

Our  early  experiments  used  quartz  wafers 
mounted  on  pins.  With  this  type  of  construction 


4.  Bilithic  Crystal  Filters 

When  two  monolithic  crystal  filters  wore 
operated  in  tandem,  it  was  noticed  that  the  level 
of  stop  band  attenuation  was  greatly  improved. 

This  is  due  to  breaking  the  mechanical  link  be¬ 
tween  input  and  output,  so  that  the  attenuations 
of  the  individual  filtei-s  arts  additive.  In  a 
properly  terminated  monolithic  filter  the 
principal  modes  forming  the  pass  band  are  matched 
to  the  external  electrical  circuit,  but  the  un¬ 
wanted  modes  in  the  stop  band  are  badly  mismatched 
so  that  signals  at  these  frequencies  suffer 
attenuation.  When  two  such  filters  aro  connected 
in  tandom  under  the  correct  conditions  signals 
within  the  pass  band  are  not  affected  but  addition¬ 
al  mismatching  is  introduced  at  the  oloctrical 
junction  for  tho  unwanted  stop  band  modes. 

We  then  doveloped  the  ooncopt  of  tho 
bilithic  crystal  filter.  The  principle  is  to 
make  the  filter  in  two  halves  on  separate  quartz 
wafers.  On  each  of  the  wafers  the  coupling  bo- 
tween  resonators  is  acoustic  and  is  determined  in 
tho  normal  way  by  the  inter-roaonator  spacings, 
but  between  the  wafers  it  is  electrical  and  is 
provided  by  using  a  shunt  capacitor  of  tho 
appropriate  value.  Thus  each  separate  wafer  does 
not  necessarily  fora  a  useful  filtor  on  its  own 
but  togother  the  two  halves  form  a  filtor  doeigned 
according  to  modern  network  theory. 

The  two  halves  are  designed  to  operate  at 
different  levels  of  plateback  or  to  have 


different  electrode  geometries,  or  both,  so  that 
their  unwanted  response  spectra  are  displaced 
with  respect  to  each  other,  The  limits  of  plate- 
back  within  which  such  a  device  can  be  designed 
are  set  on  the  high  side  by  the  Bechmann  number, 
which  gives  a  value  of  plateback  above  which  the 
enharmonic  modes  of  the  individual  resonators 
become  trapped,  and  on  the  low  side  by  the 
necessity  for  the  electrodes  to  have  a  low  enough 
electrical  resistance  and  a  sufficient  energy 
trapping  effect  to  maintain  an  adequate  resonator 
Q. 

A  six  resonator  device  has  been  developed  for 
rise  at  10.7  MHz  in  a  12.5  kHz  channel  spacing 
system,  the  band  width  of  the  filter  beiqg  10  kHz. 
The  device,  which  is  illustrated  (figure  8)  has 
the  two  wafers  mounted  back  to  back  with  the 
small  coupling  capacitor  at  the  upper  end  of  the 
assembly.  It  fits  inside  a  standard  HC-13/U 
holder  (can  length  0.985  in.). 

Each  of  the  wafers  carries  three  resonators 
and  can  bo  designed  individually  for  different 
electrode  shapes  and  plateback  values,  a 
restriction  being  that  the  electrode  areas 
should  be  the  same  on  both  wafers  to  maintain  tha 
same  impedanoe  level.  A  variety  of  combinations 
of  these  three  pole  wafers  has  been  tried  to 
obtain  the  best  suppression  of  unwanted  responses 
and  examples  are  shown  in  figures  9  and  10. 

In  each  figure  the  upper  two  curves  are  for 
the  individual  wafers  for  which  the  plateback  and 
electrodo  shape  are  shown.  The  lowest  curve 
shows  the  stop  band  characteristic  for  the  filter 
as  a  whole. 

In  figure  9  it  will  bo  noticed  that  wafer  B 
carrying  rectangular  electrodes  with  A  =  0.020 
shows  a  strong  group  of  responses  in  the  region 
10.855  "  10.905  MHz.  This  group  shows  up  in  the 
characteristic  of  the  full  six  pole  filter.  In 
figure  10  the  filter  has  been  changed  by  design¬ 
ing  the  corresponding  wafer  B  for  a  plateback 
A  =  0.008.  This  group  of  responses  has  now  been 
eliminated  and,  although  thore  are  now  minor 
responses  in  the  same  frequency  region 
(10.790  -  10.820  MHa)  on  both  wafers,  the  stop 
band  is  much  improved.  The  stop  band  for  the 
filter  shown  in  figure  10  is  typical  of  the  best 
results  obtained  hitherto  and  shows  a  general 
level  of  attenuation  better  than  100  dB  with  the 
unwanted  responses  almost  completely  suppressed, 
being  no  worse  than  85  dB  at  a  single  frequency. 
The  problem  is  thus  seen  to  bo  one  of  so  choosing 
the  wafer  designs  that  the  unwanted  responses  on 
each  wafer  are  of  minimal  intensity  and  are  not 
at  corresponding  frequencies  on  the  two  wafers. 

Figures  11  and  12  show  the  pass  band 
characteristics  for  these  two  filters.  In  both 
cases,  as  expectod  freta  the  remarks  in  section  2, 
the  curves  are  slightly  skewed,  being  steeper  on 
the  low  frequency  side. 

The  tomperature  performance  of  several 
samplos  of  those  filters  has  been  measured  and 


the  results  are  shown  in  figures  13  and  Ilf. 

Figure  13  shows  the  envelope  of  the  pass  band 
characteristic  for  a  typical  filter  over  the 
temperature  range  -70°C  to  +85  °C.  Figure  14 
shows  in  the  upper  curve  the  change  of  3  dB 
bandwidth  over  a  similar  range  and  in  the  lower 
curve  the  deviation  in  the  mid-band  frequency. 

This  curve  is  a  good  match  to  the  standard  curve 
for  a  +8'  AT-cut. 

5.  Conclusions  and  Future  Work 

Information  contained  in  the  existing 
literature  provides  an  adequate  basis  for  the 
design  of  monolithic  crystal  filters,  although 
it  is  to  be  expected  that  the  pass  band  character¬ 
istics  will  show  some  degree  of  asymmetry.  We 
have  concentrated  on  obtaining  a  good  stop  band 
performance  and  to  this  end  have  developed  a 
bilithic  form  of  construction.  A  six  resonator 
filtor  of  this  -type  has  been  described  in  the 
paper. 

Development  of  these  units  is  proceeding  and 
is  being  extended  to  an  eight  resonator  design 
which  can  be  accommodated  in  the  same  siso  of  holi¬ 
er.  We  have  currently  in  hand  a  programme  of 
research  aimed  at  improving  our  understanding  of 
the  unwanted  responses  in  these  filters  at  both 
fundamental  and.  overtone  frequencies. 
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Introduction 

Many  reports  have  already  been  submitted  on 
coupled-resonator-and  cascade-connected  filters, 
also  known  as  high-frequency  monolithic  crystal 
filters. 

Iievelopment  of  this  type  filter  has  been 
rapid,  resulting  in  the  appearance  of  wide-band 
filters,  narrow-band  filters  including  those  for 
S3B  and  channel  applications,  and  VHK-band  fil¬ 
ters  of  the  ovortone  typo. 

Introduced  here  will  be  filters  of  the  at¬ 
tenuation  peak  type  formed  by  cascading  coupled 
resonators  and  narrow-band  filters  obtained  by 
combining  high-Q  resonators  of  the  overtone  type. 

HCM  Filter  with  Attenuation  Peak 

okirt  characteristics  of  a  filter  with  at¬ 
tenuation  peaks  at  finite  frequencies  are 
sharper  than  those  of  a  filter  without  peaks. 
Thus,  a  filter  of  a  lower  order  or  one  wi«h 
fewer  elements  has  to  be  employed  to  obtain  the 
required  attenuation. 

There  are  three  methods  of  obtaining  filters 
with  attenuation  peaks!  inserting  capacitance 
and  by  making  use  of  acoustic  properties  or 
electrical  properties.  D’scussing  them  in  this 
order; Inserted  capacitor  method;  Fig.  1  shows  an 
HCM  filter  with  the  input-output  terminals  of  a 
one-section  bridge  connected  by  capacitor  Op  to 
produce  attenuation  peaks.  In  filters  othei  that 
the  HCM,  conventional  mechanical  or  n-pole  mono¬ 
lithic  filters,  for  example,  the  capacitor  is  con¬ 
nected  between  two  adjoining  resonator  elements. 

Iig.  2  shows  an  example  in  wmch  four 
cascada-connected-and-coupled  resonators  with 
the  "n"  order  ol  the  filter  equalling  eight 
are  used  as  a  filter  without  attenuation  peaks. 
The  t.. awbacks  ol  t.-.is  type  of  filter  are  that 
its  characteristics  are  not  symmetrical,  and 
that  in  the  vicinity  of  the  upper  cut-off  point 
the  skirt  cuts  into  the  pas3  band,  pas3-band 
ripples  are  increaood  because  of  the  cascaded 
connection,  ana  an  accurate  design  for  multiple 
sections  can  haraly  be  maae.  'in  F'g.  2,  the 
broken  line  illustrates  cnaracte  cues  of  the 
filter  without  attenuation  peso  ^  for  the  purpose 
of  comparison. 


twist  mode.  Examples  cited  m  such  reports  in¬ 
clude  the  theoretical  and  basic  construction 
method  proposed  by  Bomer11  and  in  the  patented 
method,  ^  several  resonators  are  connected  with 
external  couplers.  However,  where  acoustical 
coupling  is  put  to  utilization,  the  aisadvan 
tages  cf  these  filters  become  evident.  These  ai» 
(l)  construction  is  complicated  and  manufacture 
difficult,  (2)  spurious  response  is  likely  to  be 
produced,  and  (3)  adjustment  is  difficult. 

Electrical  method:  Here,  we  introduce 
filters  with  attenuation  pbaks  obtained  electri¬ 
cally,  as  a  result  of  our  research.  In  filters 
of  this  type,  the  attenuation  peaks  are  realiz¬ 
ed  by  using  electrodes  with  special  construction 
and  making  use  of  mutual  cancelling  of  electrical 
charges  so  that  tne  impedances  of  the  two  modes 
are  varied. 

General  Discussion  of  Filters  with  Attenuation 
Peaks 

The  filter  without  attenuation  peaks  to 
which  the  pass-oanc-Tchebyccheff  approximation 
is  applied  it  subjected  to  M-deri'/ed  conversion. 

Fig.  i  snows  a  circuit  whicn  is  converted 
to  a  lattice  circuit  of  tne  n  equals  c  order 
of  the  filter. 

ial,  <  t ;  •  ijd  ana  .  t  denote  tne  arms  of 
an  attenuatucn-peakiecs  Icnefcyscnei f  1  liter. 

The  impedance  ..  of  each  o!  the  arms  can  be  ap¬ 
proximated  as  vtio\,  nere: 

, ^  1  a",  o.  -  .(,  <  ,  \ 

•  o  -*  *-  o  u  "■*  .  -  ,c  » 


u.’  * vo, *  ^2' 

<•*.'0  is  cel, lev  angular  Irequency 
r  is  banawidth 

cubstituting  equation  (.2'  into  v 1 )  • 


each  arm  impedance  is  given  as 

U  — ^ 


tcousucal  metnod:  Various  reports  have 
been  submitted  on  low-irequency  1  liters  with 
attenuation  peaks,  out  *«w  on  high-frequency 
mecnar.ucai  !  liters  ol  tne  tnicwieso  shear  or 


In  tne  eqiation  aoove,  "i"  denote;  "a"  cr  "0" 
ol  tne  sene,  an  o-  iatt.ee  nr" ,  ana  "j"  the 
sect. on  ,*  er  ,  •„  •.  .n<-  the  v.jfr.vea  .or, ver¬ 

sion  to  tr.e  .'peua/i.e  ei.r,  ar~  tne  1  irst 


section 


,  ve  obtain  equation  (5)  a nd  (6). 


zb1  ko1  ra1  ^(0-Sai )  )-(0-Aai )  (Q-S-0i  ) 

(t-Aa,Kl”^T5 


,  x  Zb1 
^m1za1  )•  — ■ 


0  (C-Sal)(Q-Sb1) 

ko1  (Q-Aa1)(0-Ab1) 


(5) 

(b) 


t.on  of  electric  charges,  connections  arc  made  as 
shown  m  Pig.  5  (b)  so  that  the  impedances  of  the 
series  and  lattice  arms  can  be  varied.  Or,  the 
electrodes  are  connected  m  such  an  electrode 
pattern  that  the  charge  produced  at  symmetrical 
mode  fs  is  mutually  multiplied  with  anti-sym- 
metncal  mode  fa,  so  that  the  charge  produced  at 
fs  is  mutually  cancelled. 


Prom  these  two  equations,  the  four  terminal 
constants  are: 

A1"Di’5?7~  m12'Q-sal)(2-Abi)+(Q-Aa1)(Q-3b1) 

B1"T~(2Jm1kol)(2-Sal)(G-3b1)  (7) 

1  a1 

C 1  “  TfH  2  JF“ )  (Q_Aa1 )  (Q_Abl ) 

1  "01 

where 

M]»m12(0-3a1 )(C-Abi )-(Q-Aa] ) (Q-Sfel ) 

Since  the  attenuation  peak  is  Oocu  ,  m^  is  thus 
calculated. 

“Aal )  -Sbi ) 

(^ooi  -:3al )  (^mi  “Abl ) 

Za2  and  zb2  a^so  can  b*  calculated  in  the  same 
manner. 

Fig.  4  s' jwq  values  calculated  in  this 
manner.  In  this  example,  the  M  derived  con¬ 
version  is  applied  to  the  attenuation-peakless 
Tchebyscheff  approximation  filter  of  0.2  dB 
deviation  within  the  pass  band  n  =*  8.  The  case 
of  m1  o  »  1.0  is  for  the  filter  without  at¬ 
tention  peaks,  that  where  m^  =  1.0  and  m-  » 
0.844300  is  for  the  K-converted  Z2  and  Z3,  and 
that  where  =  0.938263  and  »  0.832960  is 

for  obtaining  Cauer  response  m  all  arms.  Thus, 
deviation  within  the  pass  band  may  lr.croase 
slightly.  However,  this  has  no  substantial  ef¬ 
fect  on  the  general  specification.  On  the  other 
hand,  the  attenuation  range  is  greatly  improved. 

Relationship  between  Electrode 
Construction  and  Inductance 

As  already  mentioned,  the  M  derived  con¬ 
version  can  be  made  in  the  attenuation-peakless 
Tchebyscheff  approximation.  Or,  making  Za  as 
mZa  and  Zb  as  Zb/m,  a  filter  with  attention 
peaks  cun  be  ootamad.  Therefore,  inductances  of 
the  arms  also  must  be  made  mla  and  Lh/ra.  This 
can  be  realized  employing  electrodes  with 
special  construction  so  that  electrical  cnarges 
cancel  each  other. 

Of  the  electrodes  snown  in  Fig.  p  (a),  pi 
and  p2  are  not  divided  for  an  attenuation  peak¬ 
less  filter.  Of  tne  coupled  resonators,  the 
equivalent  of  both  modes  are  nearly  equal.  In 
this  example,  two  pairs  of  electrodes  are  fur¬ 
ther  divided  to  obtain  main  electrode  p,  and 
sub-electrode  p^.  Making  us  of  mutual  canoslla- 


The  equivalent  inductance  can  be  varied  by 
varying  the  ratio  between  the  inductances  of  mam 
electrode  pi  and  sub-electrode  82.  Experimental 
results  of  this  are  shown  m  Fig.  6.  Pig.  6  (a) 
indicates  that  attenuation  peak  points  vary  as 
the  ratio  of  the  electrode  dimensions  are  varied 
at  10.7  MHz  (fa  -  fs)  =  6.7  kHz.  The  case  of  m  = 

1  denotes  the  attenuation-poakless  filter  with¬ 
out  a  sub-electrode.  The  solid  line  in  Fig.  6  (b) 
shows  the  calculated  value  of  tne  attenuation 
peak  with  respect  to  the  inductance  ratio  Lb  La 
of  both  arms;  the  broken  line  indicates  the  re¬ 
lationship  between  divided  electrode  ratio  Ps 
and  attenuation-peak  frequency  ,  as  obtained 
2£j/^3  by  experimental  measurement. 

Fig.  7  shows  an  example  of  filter  manufac¬ 
ture  based  on  this  theory.  This  filter  has  an 
n-value  of  6,  and  consists  of  three  coupled 
resonators.  The  theory  just  mentioned  is  applied 
to  two  of  the  three  coupled  resonators.  At  a 
center  frequency  of  10.7  MHz  ana  pandwid+n  of 
±7-6  kHz,  so  that  the  attenuation  peaks  conform 
to  Cauer  response,  the  filter  10  formed  from  one 
constant-K  section  and  two  M  derived  sections 
with  m.  »  0.807  and  m.,  »  0.866,  making  a  cascade- 
connection  filter. 

The  broken  line  represents  the  attenuation- 
peakless  filter,  for  the  purpose  of  comparison. 

A  spurious  response  is  produced  at  approxi¬ 
mately  +47  kHz.  This  spurious  respo.ise  ic  a  re¬ 
sult  of  X-direction  anti-symmetrical  mode  (2.1.1) 
which  is  caused  by  complex  electrodes.  The  prob¬ 
lem  of  suppression  of  such  spurious  response  is 
yet  to  be  solved. 

Fig.  8  shows  characteristics  of  a  filter 
with  n  equal  to  8  which  consists  of  four  coupled 
resonators.  This  theory  is  applied  to  two  of  the 
four  resonators.  Comparison  is  made  to  the  at- 
tenuation-peakless  filter.  As  can  be  seen,  skirt 
characteristics  of  the  filter  with  attenuation 
peaks  are  much  better  than  those  of  the  filter 
without  attenuation  peaks 

Narrow  Band 
HCM  Filter 

Many  reports  concerning  high-frequency  nar¬ 
row-band  filters  have  already  bten  made  bj;  .  - 
personnel  at  Bell  Telephone  Laboratories. ‘ ’  1  1  ’ 
In  S3B  filters,  channel  filters,  or  others  that 
require  narrow  bandwidth  and  sharp  cut-olf,  the 
temperature  characteristics,  aging  characteris¬ 
tics,  and  element  tolerance  are  important  fac¬ 
tors.  However,  such  filters  cannot  be  produced 
unless  high-Q  resonators  are  used. 


In  general,  it  is  quite  difficult  to  manu¬ 
facture  crystal  elements  having  a  Q  of  100,000 
at  10  MHz. 

’f  the  specific  bandwidth  is  to  be  as  nar¬ 
row  as  3  x  10“4,  unless  resonators  of  high-Q  are 
used,  pass-band  deviations  and  insertion  losses 
increase.  Therefore,  trial  production  of  narrow- 
band  filters  was  accomplished  by  using  high-Q 
third-overtone  resonators. 

Q  of  Hesonator 
and  Characteristics 
of  Filter 


Let's  investigate  the  effect  of  resonator  Q 
on  the  cut-off  characteristics  of  the  filter. 

The  impedance  Z1  of  each  arm  of  the  foregoing 
circuit  can  be  given  as: 
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Taking  the  loss  dissipation  of  the  resonator 
alone  into  consideration,  calculations  were  made 
on  the  assumption  of  an  attenuation-peakless 
Tch«by6cheff  approximation,  with  n  equalling  8, 
^pass-band  deviationj  equalling  0.2  dB,  center 
frequency  equalling  1C. 7  MHz,  bandwidth  equalling 
*1.6  kHz,  Q  *  4  x  104  -  2  x  10°.  Based  on  these 
assumptions,  variation  or  degradation  of  the 
pass-band  deviation  and  insertion  loss  were  cal¬ 
culated.  The  result  of  calculation  is  shown  in 
Fig.  9.  Naturally,  a  greater  effect  results  and 
degradation  is  larger  in  filters  whose  specific 
bandwidths  are  narrower. 

Using  the  overtone  resonators,  Q  to  the 
order  of  200,000  can  bo  realized  without  much 
difficulty  at  a  frequency  of  10  MHz.  The  over¬ 
tone  system  -s  advantageous  also  from  the  view¬ 
point  of  plate-back  frequency  and  electrode  gap. 
Moreover,  it  is  advantageous  also  from  the  view¬ 
points  of  aging  characteristics  and  reliability. 


frequency,  the  frequency  difference  (fa  -  fg) 
decreases  as  the  order  of  overtone  (n)  becomes 
higher.1 3  That  is  to  say,  Q  increases  as  the 
electrode  gap  and  plate-back  frequency  (thick¬ 
ness  of  the  electrode)  increase,  and  therefore 
a  narrow-band  filter  can  be  obtained  with  thin 
electrodes  if  the  overtone  mode  is  employed. 

Fig.  10  shows  the  relationship  between  the 
order  of  overtone  and  the  frequency  difference. 
In  this  example,  the  3rd,  5th,  and  7th  overtones 
of  a  10  KHz  AT-cut  crystal  were  employed. 

Tc3t  Manufacture 
of  Narrow-Band 
Filters 


The  3rd  overtone  mode  is  employed  in  order 
to  attain  high  Q.  Examples  of  test  filters  are 
shown  m  Fig.  11. 

The  tested  resonators  were  Vebel-processed 
discs  having  a  diameter  of  13*8  mm  and  third 
overtone  frequency  f.  =  12.8  MHz.  Construction 
and  constants  of  the"Tilter3  are  shown  m  Fig. 
11.  These  filters  were  designed  for  <A  (pass 
band  deviation)  =  0.2  dB  and  n  =  8. 

The  values  of  Q  were  approximately  200,000 
for  both  the  S  and  A  mode.  Four  of  these  reso¬ 
nators  were  connected  in  series.  Characteristics 
obtained  are  shown  in  Fig.  12. 

Tne  illustration  shows  an  enlargement  of 
the  pass-band  characteristics  in  comparison  with 
those  of  CCITT  Recommendations  1  5-  The  inser¬ 
tion  loss  is  as  small  as  1.2  d3,  since  Q  of  the 
resonators  is  high. 

The  attenuation  peaks  are  caused  by  stray 
capacity.  This  is  due  to  capacitor  insertion. 

Fig.  13  shows  measured  values  of  the  fil¬ 
ter  designed  for  fo  «  12.8  MHz,  n  >  1'  i  5-coupl- 
ed  resonators  in  cascade),  and  -X  =  7.2  dB. 

Of  the  narrow-band  filters,  the  spurious 
response  is  very  small  as  the  terminated  impe¬ 
dance  is  low  and  the  many  sections  in  cascade 
are  employed.  Attenuation  of  65  dB  for  tne  fil¬ 
ter  of  n  »  8  and  that  of  more  than  85  d3  lor 
the  filter  of  n  «  10  can  be  guaranteed. 


Relationship  Between  Fundamental 
and  Overtone  Modes 

Onoe  and  Juraonji  and  Beaver  already  have 
submitted  reports  on  the  frequency  difference 
between  symmetrical  modes  and  anti-symmetrical 
modes  at  the  fundamental  frequency.  '  I® 


In  attempting  to  improve  pass-band  devia¬ 
tion,  we  employed  resonators  with  a  high  Q. 
ouch  may  be  realized  through  some  method  for 
compens?  fing  resonator  loss,  although  this  prob¬ 
lem  has  not  yet  been  solved. 

Conclusion 


Jn  the  other  hand,  at  the  overtone,  also, 
taking  nT3  (m  order  ul  overtone;  hi  plate-back 
frequency)  as  a  variable,  analysis  can  be  made 
in  a  fashion  similar  to  that  lor  the  fundtmentai 
frequency  irrespective  of  the  order  ol  overtone 
in;.  Iherefore,  in  an  overtone  resonator  ol  the 
name  electrode  construction  anu  ..are  ^ate-back 


He  have  introduced  filters  with  attenua¬ 
tion  peaks.  Today  the  capacitor-insertion  ana 
acoustic  methods  are  considered  practical  for 
attaining  desired  results.  He  explained  in  de¬ 
tail  the  eiectrical  method.  He  prepared  coupied 
resonators,  the  equivalent  impedance  of  wmen 
are  varied  to  make  use  of  mutual  cancellation 


of  electrical  charges  produced,  and  we  verified 
through  theoretical  calculation  and  actual 
experiment  that  the  simultaneous  Tchebysheff 
approximation  is  applicable  in  multi-section 
coupled  resonators. 

Of  the  narrow-band  filters  of  which  speci¬ 
fic  bandwidths  and  resonators  of  high  Q  are  re¬ 
quired,  m  order  to  attain  high  Q,  w a  employed 
the  3rd  overtone  mode. 
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VECTOR  VOLTMETER  CRYSTAL  MEASUREMENT  SYSTEM 


Marvin  E.  Frerking 
Collins  Radio  Company 
Cedar  Rapids,  Iowa 


Summary 

This  paper  describes  a  crystal  measurement  sys¬ 
tem  which  is  built  around  an  rf  vector  voltmeter.  In 
this  system,  the  crystal  under  test  is  part  of  an  oscil¬ 
lating  loop  which  generates  the  rf  signal.  The  phase 
shift  around  the  loop  is  adjusted  until  the  phase  angle 
across  the  crystal  is  zero,  as  indicated  by  the  vector 
voltmeter,  and  the  frequency  is  read  using  a  counter. 

The  voltage  capability  of  the  vector  voltmeter  is  used  to 
measure  the  voltage  on  either  side  of  the  crystal.  The 
crystal  resistance  and  drive  level  are  determined  from 
these  readings. 

Test  data  taken  in  the  3  to  20  MHz  region  indicates 
that  the  accuracy  of  the  system  is  about  5  PP  108  for 
semiprecision  crystals.  The  resettability  is  1  or  2 
parts  in  108.  The  system  is  capable  of  performing 
measurements  at  drive  levels  as  low  as  a  few  micro¬ 
watts  and  as  higli  as  several  milliwatts. 

An  experimental  test  set  using  these  principles  was 
built  around  the  Hewlett-Packard  840 SA  Vector  Volt¬ 
meter.  The  set  covers  the  frequency  range  from  2.  5 
to  20  MHz  and  was  built  primarily  for  temperature  tests 
of  crystals  at  low  drive  level. 

The  oscillating  loop  is  composed  of  a  wide-band 
amplifier,  an  adjustable  diode  limiter  circuit,  a 
tunable  phase  shifter  capable  of  being  both  mechanically 
and  electrically  adjusted,  and  a  test  fixture  containing 
the  crystal. 

The  vector  voltmeter  probes  are  connected  across 
the  crystal  so  that  the  phase  angle  across  the  crystal 
is  sensed.  The  phase  reading  is  available  on  the  .ear 
of  the  vector  voltmeter  as  a  recorder  output.  This 
output  is  amplified  by  an  operational  amplifier  and 
applied  to  voltage  variable  capacitors  in  the  phase  shif¬ 
ter.  This  negative  feedback  tends  to  stabili/.c  the  sys¬ 
tem  and  also  make  the  mechanical  adjustment  easy  to  set. 

An  interesting  and  useful  feature  of  the  system 
results  from  the  fact  that  the  crystal  is  operated  in  a  n 
network  which  is  located  at  the  end  of  coaxial  lines. 

It  is  thus  convenient  to  operate  the  crystal  in  a  tem¬ 
perature  chamber  with  the  n  network. 

The  voltage  reading  of  the  vector  voltmeter  is 
available  as  a  recorder  output.  Since  the  crystal  volt¬ 
age  on  the  output  side  ol  the  v  network  is  a  measure  of 
crystal  activity,  it  is  used  to  record  crystal  resistance 
during  temperature  runs. 


Introduction 

l'he  Vector  Voltmeter  t  rystal  Measurement  System 
is  a  senuprccision  crystal  test  set.  it  is  not  quite  as 
accurate  as  a  bridge  system  but  it  is  considerably  less 
expensive  and  much  easier  to  operate.  In  many  cases, 
it  is  easier  to  operate  than  a  (.  l-meter,  yet  the  accu¬ 


racy  is  sufficient  to  satisfy  nearly  all  of  the  semirre 
cision  and  nonprecision  measurement  needs.  The 
absolute  accuracy  is  about  5  PP  108  while  the  "et-ettabi- 
lity  is  in  the  order  of  a  part  in  108. 

An  experimental  unit  was  built  to  demons'-ate  the 
principles  involved.  It  was  built  around  the  Hewlett- 
Packard  8405A  Vector  Voltmeter  and  cove  '  'he  fre¬ 
quency  range  from  2.  5  to  20  MHz. 


General  Description 

The  vector  voltmeter  test  s,  t  is  bt  <i.  ally  an 
oscillating  loop  containing  an  amplific*  phase 
shifter,  and  the  crystal.  The  phase  an/  e  across  the 
crystal  is  sensed  by  the  vector  voltmr.  i.  The  phase 
shift  around  the  loop  is  adjusted  until  i  .  frequency  of 
oscillation  is  of  the  proper  value  to  i  c  ‘uce  a  zero 
phase  angle  across  the  crystal.  The  ,  tqncncy  is  then 
read  using  a  frequency  counter.  A  ih-vcgraph  of  the 
experimental  unit  is  shown  in  figure  i.  A  block  dia¬ 
gram  is  shown  in  figure  2.  As  can  y  ;een  from  the 
diagram,  the  oscillating  loop  eons  is of  five  units 
which  perform  the  following  fum  The  amplifier 

provides  the  necessary  gain  to  make  the  system  oscil¬ 
late.  It  is  broadbanded  and  cons  t«  of  five  transistors 
providing  45  dB  of  gain.  The  output  of  the  amplifier  is 
passed  through  a  limitei  whose  *1  cshuld  level  is 
adjustable  by  means  of  a  control  .ui  the  front  panel. 

The  limiter  effectively  sets  tits  crystal  drive  level.  It 
consists  of  two  diodes  in  serie  v  ith  the  signal  path 
and  an  appropriate  biasing  ciic  .it  so  that  the  dc  cur¬ 
rent  through  the  diodes  can  be  adjusted.  The  drive 
level,  in  the  experimental  unit,  is  adjustable  from 
approximately  t  microwatt  to  1  milliwatt. 

The  signal  from  the  limitei  passes  through  a 
variable  phase  shifter  vvlncn.  in  reality,  is  a  tunable 
bandpass  filter.  It  eont.ur.->  three  resonators  and  a 
3-gang  variable  capacitor  to  tune  them.  Each  variable 
capacitor  has  a  sr.i.ul  varicap  across  it  which  is  used 
for  electiic.il  fine  tuning.  The  purpose  of  the  electri¬ 
cal  fine  tuning  will  be  i  ,n .lined  subsequently.  A  sche¬ 
matic  diagram  of  the  phase  shifter  is  shown  in  figure  ‘,1, 
The  inductors  are  band  switched,  and  approximately  an 
octave  can  be  covered  with  one  band. 

The  phase  shifter,  as  one  might  expect,  has  a 
large  pulling  effect  on  the  frequency  of  oscillation,  and 
it  is  used  to  pull  the  frequency  of  the  loop  to  the  series 
resonance  frequency  of  the  crystal.  The  method  for 
determining  when  series  resonance  is  reached,  of 
course,  is  the  vector  voltmeter  which  senses  the  phase 
angle  of  the  voltage  across  tiro  crystal. 

Basically,  the  vector  voltmeter  has  the  capability 
to  measure  two  rf  voltages  and  the  phase  angle  between 
them.  It  uses  sampling  techniques  and  covers  the 
frequency  range  fiom  I  MHz  to  1  GHz.  Sensitivity  is 
adequate  to  detect  phase  changes  of  about  0.  05  degree. 


Figure  1.  lCxpori  mental  Unit. 
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Figure-’.  Hl->ck  Diagram  nl  Measurement  Si  stem. 


An  attenuator  is  used  between  tlie  crystal  test 
fixture  and  the  amplifier  input  to  ensure  that  the  test 
fixture  sees  a  purely  resistive  load. 


The  phase  reading  of  the  vector  voltmeter,  in  addi¬ 
tion  to  being  displayed  on  the  front  panel  meter,  is 
brought  out  to  a  BNC  connector  on  the  rear  of  the  unit. 
This  voltage  is  amplilied  in  a  dc  amplifier  and  applied 
to  the  varicaps  in  the  phase  shifter.  The  voltage  is 
applied  to  the  varicaps  with  the  proper  polarity  so  that 
a  positive  phase  angle  (Vj$  leading  Y.\)  will  increase  the 
varicap  voltage  and  thus  raise  the  frequency  of  oscil¬ 
lation;  bringing  it  closer  to  series  resonance.  The  dc 
feedback  to  the  varicaps  has  several  desirable  effects. 

In  the  first  place,  it  makes  the  mechanical  adjustment 
easy  to  set.  Secondly,  it  holds  the  frequency  at  series 
resonance  over  long  periods  of  time  even  though  the 
components  ol  the  loop  drift  somewhat,  and  thirdly,  it 
makes  it  possible  to  plug  in  and  measure  crystals  of  the 
same  nominal  Irequem-j  without  retiming.  The  dc 
amplifier  has  a  voltage  gain  of  JOO  and  uses  an  inte¬ 
grated  operational  aniplilier. 

The  Hewlett- Packard  vector  voltmeter  contains  a 
single  voltmeter  which  can  be  switched  to  measure  the 
voltage  to  ground  at  either  probe  A  or  probe  H.  It  is 
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Figure  3.  Schematic  Diagram  of  Phase  Shifter. 


convenient  to  use  these  voltages  to  find  the  crystal 
resistance  and  drive  level.  This  can  be  done  graphi¬ 
cally  by  plotting  families  of  resistance  and  power 
curves.  The  voltage  readings  and  Vg  determine  the 
X  and  Y  coordinates  of  a  point  which  in  turn  determines 
a  constant  resistance  line  and  a  constant  power  curve. 
Equations  for  these  curves  can  be  derived  from  the 
schematic  diagram  of  the  test  fixture  shown  in  figure  4. 
Here  it  is  assumed  that  the  frequency  has  been  adjusted 
to  series  resonance  and  the  crystal  is  represented  by 
an,  as  yet,  unknown  resistance  Kc.  It  can  be  shown 
that  the  crystal  resistance  is  given  by 


It  can  also  be  shown  that  the  crystal  power  is 
given  by 


P  =  (V.  -  V,,) 

e  lteq  A  B' 


(2) 


Families  of  resistance  curves  can  be  plotted  using 
equation  1  and  families  of  power  curves  using  equation 
2.  These  curves  are  shown  in  figure  5. 


where  Rcq  is  the  equivalent  resistance  of  the  parallel 
series  combination  of  Rg,  Rj,  R2,  and  l<in.  It  is 
important  to  realize  the  Ruq  is  a  known  quantity  which 
is  fixed  for  the  unit.  For  the  experimental  test  set, 
Req  =  28  ohms. 


To  use  these  curves,  one  ut  general  first  measures 
V,\  and  Vb  without  regard  to  drive  level.  The  crystal 
resistance  is  then  read  from  the  graph.  The  inter¬ 
section  of  the  desired  drive  level  curve  with  the  now 
known  crystal  resistance  line  determines  a  unique 
point  corresponding  to  specific  values  of  V;\  and  Vb. 
l'hc  drive  level  control  is  then  adjusted  until  \j\  or  Vb 
reads  the  proper  value.  Only  one  of  the  voltages  is 
observed  since  the  other  will  necessarily  follow. 
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Figure  4.  Schematic  Diagram  of  Test  Fixture. 
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Operating  Procedures 

There  are  several  variations  in  the  operating 
procedure  which  can  be  used  to  calibrate  and  operate 
the  test  set.  One  possible  procedure  is  as  follows: 

Step  1:  Place  a  short  circuit  in  the  test  fixture  in 
place  of  the  crystal.  With  the  phase  shifter  set 
to  the  correct  frequency,  as  indicated  on  the  dial, 
adjust  the  vector  voltmeter  to  read  zero  in  the 
±6  degree  range. 

Step  2:  Replace  the  short  with  the  crystal,  and 
adjust  the  phase  shifter  for  a  zero  phase  reading. 

Step  3:  Determine  the  crystal  resistance  either  by 
reading  V,\  and  Vg  and  going  to  the  graph,  or  by 
resistance  substitution  until  Vb  reads  the  same 
for  the  crystal  as  for  the  resistor. 

Stop  f:  From  the  graph,  determine  the  required 
Vb  for  tho  desired  drive  level.  Adjust  the  drive 
control  until  it  is  obtained.  If  the  drive  level  is 
adjusted  over  a  large  part  of  its  range,  it  may  be 
necessary  to  retouch  the  phase  shifto  ■  setting. 

At  this  poitm,  the  frequency  can  be  read  to  about  a 
part  In  107  for  scmipreclsicn  crystals.  Additional 
crystals  of  the  same  nominal  frequency  can  also  be 
tested  simply  by  inserting  them  in  the  crystal  socket 
and  reading  the  frequency.  The  dc  feedback  will  auto¬ 
matically  adjust  the  phase  shift  to  zero.  To  obtain 


additional  accuracy,  the  following  two  steps  should  be 
added. 

Step  5:  Place  a  short  in  the  test  fixture  and 
reoheck  the  zoro  of  the  vector  voltmeter.  (For 
crystals  greater  than  about  50  ohms,  a  resistor 
equal  to  the  crystal  resistance  can  be  used  to 
improve  the  accuracy,  provided  a  pure  resist¬ 
ance  is  used. ) 

Step  6:  Remove  the  short  and  reinsert  the  cry¬ 
stal,*  Read  tho  frequency. 

The  test  procedure  is  the  same  for  32  pF  crystals 
except  that  a  calibrated  32  pF  capacitor  is  used  in 
series  with  the  crystal. 


It  is  interesting  to  note,  in  step  4.  that  a  special 
graph  can  be  constructed  giving  Vg  as  a  function  of 
crystal  resistance  which  will  result  in  the  actual  driv  o 
level  encounter  in  a  specific  oscillator. 


*Tiie  vector  voltmeter  may  lock  tn  different  modes, 
and  depending  on  which  mode  is  obtained,  the  zero  may 
shift  as  much  as  about  0.4  degree.  In  order  to  pre¬ 
vent  the  occurrence  of  these  zero  shifts,  tho  vector 
voltmeter  band  switch  is  set  to  the  highest  band  for 
which  a  stable  lock  can  be  obtained.  When  tilts  is  done, 
the  zero  shifts  are  apparently  eliminated. 


9'.  . 


Accuracy 


where 


The  basic  accuracy  of  the  crystal  test  set.  exclu¬ 
sive  of  crystal  temperature  effects,  is  about  I!  to  5 
parts  in  10®  for  semiprecision  crystals.  The  resetta- 
bility  error  is  in  the  order  of  1  to  2  parts  in  10®. 
Crystal  resistance  can  be  read  from  the  graph  with  an 
error  generally  less  than  5  percent,  or  to  about  1  ohm, 
whichever  is  greater.  Resistance  can  also  be  deter¬ 
mined  to  1  or  2  percent  by  interpolating  between  read¬ 
ings  obtained  by  substituting  standard  resistors.  Drive 
level  inaccuracy  is  in  the  order  of  5  percent  plus  any 
error  in  the  resistance  determination. 


fg  =  series  resonant  frequency 

Q  =  normal  crystal  Q 
and  6  is  in  radians. 

For  a  typical  TCXC  crystal  at  5  MHz,  the  resistance 
might  be  2.2  ohms  and  the  Q  =  725,000.  For  these 
values,  a  phase  change  of  0. 1  degree  results  in  a  fre¬ 
quency  change  of  1.17  PP  10®.  As  a  rule  of  thumb.  0. 1 
degree  is  approximately  1  PP  10®. 


There  are  several  sources  of  frequency  error  in 
the  test  set.  Among  the  more  important  are  the 
following: 

1.  Stray  inductance  and  capacitance  in  the  load 
of  the  test  fixture. 

2.  Stray  capacitance  and  inductance  in  the  sub¬ 
stitution  resistors,  if  they  are  used  to  zero  the  vector 
voltmeter. 

3.  Dependence  of  the  vector  voltmeter  on  source 
impedance. 

•1.  Dependence  of  the  vector  voltmeter  phase 
reading  on  signal  amplitude. 

5.  Errors  in  reading  the  phase  meter. 

(i.  Errors  in  setting  the  crystal  drive. 

Each  of  these  errors  is  discussed  in  more  detail  in  the 
following  material. 


The  effect  of  the  stray  capacitance  Cs  is  given  by 
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The  effect  of  L  is  given  by 

GCJ 

Q  ...  —  1  <dL  ,r  -1  wReq 
0h  -  i.tn  oa  -  r  T5  rTT~  - 
R  c  eq 

eq  1 


toL 


eq 


R  (R  Ht  ) 
eq'  c  eq' 


The  first  effect  listed  is  that  of  stray  reactance  in 
the  test  fixture.  This  can  be  better  understood  by 
referring  to  the  equivalent  circuit  shown  in  figure  6. 


The  effect  of  L  ^  is  given  by 
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If  the  vector  voltmeter  is  calibrated  by  placing  a  short 
in  the  test  fixture,  Rc  -  Xc  -  0  and  the  total  phase  angle 
is  given  by 

ar  V  V  °*°-  ir-  (7) 

cq 

If  the  crystal  is  now  placed  in  the  test  fixture,  the  phase 
angle  indicated  by  the  vector  voltmeter  is  given  by 


Figure  6.  Equivalent  Circuit  of  Test  Fixture. 
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If  it  is  assumed  that  the  si  raj  reactances  are 
small  and  that  the  crystal  is  near  scries  resonance, 
there  is  little  interaction  between  the  various  reactances. 
The  phase  shift  contributed  by  each  effect  can  be  exam¬ 
ined  independently.  In  order  to  get  a  feel  for  the  fre¬ 
quency  error  caused  by  the  various  phase  shifts,  it  i:> 
convenient  first  to  determine  the  frequency  error 
resulting  from  a  given  phase  angle  error.  This  can  be 
done  by  examining  the  effect  of  the  crystal.  It  can  be 
shown  that  the  phase  angle  change  between  V,\  and  v’B 
caused  bv  the  crystal  is 


The  phase  shifter  is  adjusted  until  the  phase  reading. 
“2.  goes  to  zero,  that  is  until  the  frequency  is  ol  the 
proper  value  to  make  A0C  cancel  the  other  terms. 
Setting  O2-0  and  solving  for  A0C,  after  some  mani¬ 
pulation,  gives 
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It  is  interesting  to  note  that  the  term  in  brackets  is 
independent  of  frequency  and  crystal  resistance  (sub¬ 
ject  to  the  initial  assumption  that  the  reactances  arc 
small).  By  properly  selecting  t"s,  it  is  theoretically 


possible  to  make  this  term  zero  and  thus  eliminate  the 
effect  of  the  stray  reactances.  In  practice  the  com¬ 
pensation  is  not  perfect  and  errors  in  the  order  of  0. 1 
degree  were  experienced  in  the  experimental  unit. 
Equation  9  can  be  combined  with  equation  3  to  give  the 
following  result: 


M  =  JOL  ^£a+_iik  .  c  It 
fs  2<*  Req  Rcq  5  ec> 


which  shows  that  the  error  caused  by  the  stray  react¬ 
ances  is  proportional  to  frequency  and  inversely  pro¬ 
portional  to  crystal  Q  as  one  might  expect. 

The  third  error  listed  results  from  the  dependence 
of  the  vector  voltmeter  on  the  source  impedance  seen 
by  the  probes.  If  the  vector  voltmeter  is  "zeroed" 
using  a  short  in  place  of  the  crystal,  the  samplers  see 
a  fairly  low  impedance.  If  the  crystal  tested  then  has  a 
high  resistance,  the  samplers  see  a  somewhat  higher 
impedance  and  the  zero  shifts.  For  this  reason,  the 
met  :ero  may  be  reset  using  a  resistor  equal  to  that 
of  the  crystal  for  large  values  of  crystal  resistance. 
The  impedance  increase  over  a  short  for  a  50  ohm 
crystal  is  G  to  8  ohms  at  the  probes  which  may  result 
in  a  phase  error  of  about  0. 2  degree. 

A  fourth  error  results  from  the  dependence  of  the 
vector  voltmeter  phase  reading  on  amplitude  ratio. 

This  effect  amounts  to  about  0.2  degree  for  the  voltage 
change  caused  by  placing  a  30  ohm  resistor  in  the  test 
fixture  in  place  of  a  short.  The  error  may  be  elimi¬ 
nated  by  setting  the  vector  voltmeter  to  zero  using  a 
resistor  equal  to  that  of  the  crystal  resistance.  An 
additional  small  error  results  from  changing  the  volt¬ 
age  on  both  probes. 


A  fifth  error  results  from  inaccuracy  in  reading 
the  phase  meter.  With  reasonable  care,  this  can  be 
held  to  ±0.05  degree  (±5.!)  PP  109  for  the  typical  5  MHz 
crystal).  If  an  external  meter  is  used  on  the  output  of 
the  dc  amplifier,  the  phase  reading  inaccuracy  can  be 
held  to  about  ±0. 01  degree.  * 

Finally,  frequency  errors  result  because  of  drive 
level  inaccuracy.  At  the  very  low  drive  levels  used  in 
TCXO's  (10  to  50  microwatts)  this  effect  is  negligible. 
At  high  drive  levels,  however,  it  becomes  one  of  the 
major  sources  of  error.  The  inaccuracy  in  drive  level 
setting  may  be  in  the  order  of  10  percent.  At  a  1- 
milliwatt  level,  chis  could  result  in  a  frequency  error 
of  parts  in  10?. 

Test  Results 

A  number  of  tests  were  conducted  to  determine  the 
accuracy  of  the  test  set.  Room  temperature  tests  were 
run  on  several  5  MHz  crystals  which  were  cut  to  have 
a  flat  frequency  versus  temperature  slope  at  room 
temperature.  Tests  were  also  run  on  3  MHz,  5  MHz, 
and  20  MHz  crystals  at  oven  temperatures.  The  crys¬ 
tals  were  measured  both  in  the  vector  voltmeter  lest 
set  and  with  a  GR  1G0G-A  rf  bridge. 

Table  1  gives  the  frequency  deviation  from  the 
bridge  readings  for  several  of  the  crystals. 


'For  readings  of  this  accuracy ,  the  rector  voltmeter 
should  be  allowed  to  warm  up  for  several  hours.  It 
should  also  be  operated  from  a  constant  voltage  supply. 


Absolute  Frequency  Errors  Compared  to  Bridge  Test  Set. 


CRYSTAL 

NUMBER 


NOMINAL 

DRIVE 

FREQ 

RESISTANCE 

FREQUENCY 

LEVEL 

ERROR 

ERROR 

MHz 

(MICROWATTS) 

PP  I0» 

(OHMS) 

3 

33 

■1.0 

0.0 

3 

U.O 

1.7 

0.  1 

3 

7.  5 

-0.7 

0. 1. 

5 

7.  5 

-3.0 

0. 1 

5 

7.  3 

-2.8 

0.7 

3 

1.2 

3.3 

0.  0 

3 

1.0 

3.0 

0.  3 

5 

0.8 

1.7 

-0.  1 

13.8 

12 

1.0 

0.2 

20 

(i.  O 

3.  3 

0.  7 

20 

7,0  ! 

| 

-2.  1 

1.  1 

Table  2  contains  information  regarding  the  resetta- 
bility  of  the  vector  voltmeter  test  set.  Before  each 
trial,  the  drive  level  control,  the  vector  voltmeter 
zero  setting,  and  the  phase  shifter  position  were  dis¬ 
turbed.  The  crystals  were  also  physically  unplugged 


from  the  socket,  and  in  some  cases,  crystals  of  a 
different  frequency  were  tested  between  trials.  The 
standard  deviation  of  the  frequency  scatter  is  pre¬ 
sented  in  the  table  for  several  of  the  test  crystals. 
Data  for  the  test  crystals  is  given  in  table  3. 


Table  2.  Resettability  Data. 
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CRYSTAL 

NUMBER 

NUMBER 

OF  READINGS 

NOMINAL 

FREQ 

(MHz) 

DRIVE  LEVEL 
(MICROWATTS) 

STANDARD 
DEVIATION  OF 
READINGS  IN 

PP  108 

2 

9 

3 

0.8 

0.83 

3 

10 

5 

20 

0.91 

4 

10 

5 

20 

1.82 

5 

10 

5 

20 

1.14 

8 

10 

5 

9.3 

1.34 

10 

8 

20 

8.4 

1.34 

Table  3.  Crystal  Data. 


CRYSTAL 

NUMBER 

HOLDER 

FREQ 

(MHz) 

RESISTANCE 

(OHMS) 

Q 

MODE 

1 

HC-27/U 

3 

4.1 

1,142,000 

FUND 

2 

HC-27/U 

3 

4.0 

1,155,000 

FUND 

3 

HC-G/U 

I 

V 

17.1 

85,200 

FUND 

4 

HC-G/U 

5 

16.8 

89,900 

FUND 

5 

HC-G/U 

5 

14.9 

100,000 

FUND 

0 

HC-27/U 

5 

3.2 

732,000 

FUND 

7 

HC-27/U 

5 

3.2 

722,000 

FUND 

8 

HC-27/U 

5 

3.2 

724,000 

FUND 

9 

HC-G/U 

15.8 

6.6 

115,500 

FUND 

10 

HC-27/U 

20 

5.0 

346,500 

3RD  OT 

11 

HC-27/U 

20 

6.1 

353,000 

3RD  OT 

-  99  - 


Temperature  tests  were  also  run  on  a  number  of 
TCXO  crystals.  It  is  quite  convenient  to  use  the  test 
set  for  this  purpose  since  the  crystal  is  located  in  a 
test  fixture  at  the  end  of  transmission  lines.  A  block 
diagram  of  the  test  setup  is  shown  in  figure  7.  It 
should  be  noted  that  since  the  voltage  reading  of  the 


vector  voltmeter  is  brought  out  to  a  BNC  connector, 
and  since  Vg  is  a  measure  of  crystal  activity,  it  can 
be  used  to  record  the  crystal  resistance  during  temper¬ 
ature  runs.  The  voltage  is  calibrated  by  using  the 
standard  calibration  resistors.  Test  results  are  shown 
in  figure  8  for  a  9.9  MHz  third  overtone  crystal  run  at 
a  0. 15  milliwatt  drive  level. 


'  TEMPERATURE  I 


Figure  7.  •-  v\  iHagram  of  Temperature  Test  Setup. 
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Figure  14 


Frequency  and  Hesistanee  Versus  Temperature,  9.9  Mil:*  Third  Overture 
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CN  PRECISION  MEASUREMENTS  OF  FREQUENCY  AND  RESISTANCE  OF 
QUARTZ  CRYSTAL  UNITS 
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Summai'v 

The  object  of  the  investigation  is  to 
check  tlie  usefulness  of  the  definition  of 
resonant  frequency  of  a  quartz  crystal 
unit  laid  down  in  IEC  document  V)(Secre- 
taritt*)Vi  by  measuring  a  set  of  crystals 
in  three  different  ways;  two  bridge  me¬ 
thods  and  the  phase  sensitive  7 Y  network 
method.  The  results  arc  compared. 

Moreover  a  description  is  given  of 
the  TT  network  set  up  designed  for  use 
in  factories  and  laboratories.  It  will  be 
shown  that  frequencies  of  unwanted  modes 
and  the  resonant  frequencies  of  monocrystal 
elements  can  be  measured  as  well. 

Discussion 

The  starting  point  is  the  formulation 
of  an  internet ional ly  agreed  definition  of 
resonant  frequency.  Why  do  wo  need  such 
a  definition  ? 

Even  after  a  short  survey  of  currently 
used  specifications  it  appears  that  the 
most  important  parameter  of  a  crystal  unit, 
its  I requency  is  defined  as  the  working 
frequency  of  a  sped  lied  oscillator,  the 
lest  set.  The  specification  of  the  test 
set,  however,  does  not  guarantee  that  sul- 
licient  correlation  exists  between  measu¬ 
rements  on  different  test  sets. 

A  solution  to  the  problem  is  to  agree 
on  such  a  definition  ol  f requeue!  that 
allows  more  than  one  recommended  method  ot 
measurement,  provided  that  sufficient 
correlation  exists. 

In  this  paper  the  resumin'  frequency 
i'  ..el  med  as  the  lower  frequency  at  which 
•  lie  phase  ol  the  crista!  impedance  ,u  ensured 
ill  a  relerence  plane  ‘I  mm  Irani  the  e’vstel 

base,  is  /eio. 


The  reference  plane  litis  been  introduced 
to  keep  the  inductance  and  capacitance  of 
the  crystal  oninnnls  constant  for  every 
method  of  m  surenient  . 

The  c.  ice  of  the  resonant  frequency 
(zero  phase)  gives  the  advantage  that  no 
measurement  of  the  elements  of  the  equiva¬ 
lent  circuit  is  necessary.  The  crystal  unit 
is  considered  as  a  two  terminal  black  box 
for  glass  enclosed  units  and  a  three  termi¬ 
nal  box  for  the  metal  enclosed  units. 

In  cases  where  additional  information 
of  crystal  inductance  or  statu  copaci lance 
is  required  these  quantities  can  be  measured 
separately,  but  this  information  is  not 
essential  for  the  frequency  measurement. 

Dus  line  of  thought  introduces  a  maximum 
frequency  limit  of  about  Kill  Mllz,  above 
which  the  terminal  inductances  have  an 
appreciable  elici  t  on  the  irvslal  impedance. 

Einiininenl 

Use  has  been  made  ol  ”  dillerent  set 

ups . 

a.  11.X  me  ter.  Shown  on  photo  I  is  the 
admittance  bridge  coupled  to  a  »,\  lit  lies  i /er 
and  a  times  ten  ficqiiciicv  multiplier,  lo  do 
this  the  internal  oscillator  ol  the  bridge 
lias  been  disconnected.  On  the  bridge  a 
coaxial  adaptoi  with  a  precision  (dt  non  con¬ 
nector  has  been  installed.  On  tins  Ins  the 
tilt  type  Olio  M  component  mount  with  the  co¬ 
stal  an  it.  ( I’ho  to  2)  . 

A  plastic  tag  ot  2  mm  thickness  lives 
the  relerence  plane  at  the  spec  tiled  ill. — 
lance  1 1 om  the  crest  a  I  base. 

I  he  proceduie  starts  with  the  calibra¬ 
tion  ol  the  crv-tal  drive  level  a-  a  t  line  — 
lion  ol  civ-inl  i e» i > lam e  and  bridge  input 
voltage.  I  In  has  been  done  with  a  selective 


voltmeter  connected  to  the  GK  900  connec¬ 
tor.  In  our  case  measurements  at  50  and 
25  and  16.7  Ohms  are  sufficient. 

With  the  type  900-W50  standard  coaxial 
termination  the  bridge  is  adjusted  at  2ero 
capacitance  and  1/50  Mho  conductance.  The 
electrical  length  of  the  coaxial  system 
between  the  bridge  and  the  reference  plane 
of  the  component  mount  is  determined  with 
the  type  900-W04  open  circuit  termination 
and  with  type  900-W100  100  Ohm  termina¬ 

tion.  Ilot.h  methods  give  11.0  em  for  any 
frequency  below  100  MHz. 

After  adjusting  the  output  level  of 
the  generator  the  crystal  is  inserted  in 
the  component  mount  on  the  bridge.  The 
bridge  is  nulled  at  zero  capacitance 
reading  in  the  neighbourhood  of  f  by 
adjusting  frequency  and  conductance  dials. 


that  the  attenuation  of  the  resistive 
networks  must  be  14.8  dB  at  least  for  re¬ 
flection  coefficients  of  source  and  load 
of  52. 

The  second  function  is  to  transform  the 
50  Ohm  line  impedance  to  match  the  crystal 
impedance  (Fig.  6). 

The  crystal  sees  a  source  with  resis¬ 
tance  R  and  a  load  R.  The  energy  dissipated 
by  the  crystal  at  resonance  frequency  is 


wc  *  »line-  (at  *  R.r  • 


10"°‘1At 


A.  =  transducer  loss  of  one  of  the  net¬ 
work  . 


Maximum  dissipation  occurs  for  11  =  2  R. 

In  this  case 


By  means  of  a  Smith  chart  the  admit¬ 
tance  at  the  reference  plane  is  determined. 
The  frequency  is  now  changed  by  say  10  Hz 
and  the  admittance  measured,  the  zero  phase 
frequency  is  determined  by  interpolation. 


W 


c  mnx 


line 


‘  8U  ‘ 


10"°-,A, 


The  maximum  available  power  is 


b.  Git  type  1609  bridge  (for  frequencies 
above  4()  MHz  only).  Although  a  similar 
procedure  ns  with  the  RX  meter  could  be 
followed  hero  the  electrical  length  between 
bridge  and  reference  plane  was  adjusted 
exactly  to  a  complete  number  of  half  wave 
lengths  with  a  trombone  (photo  3)  using 
again  type  900-W04  open  circuit  termina¬ 
tion. 

In  order  to  obtain  a  sufficiently  high 
level  of  drive  the  generator  was  connected 
to  detector  bridge  terminal  and  visa  versa. 
However,  the  generator  voltage  had  to  be 
lowered  slightly  to  obtain  an  acceptable 
drive  level,  resulting  in  a  very  low  de¬ 
tector  voltage,  just  enough  for  the  Hohdc 
und  Schwarz  selective  voltmetei  type  KSU. 

c.  1‘hase  sensitive  77*  network.  The  set 
up  consists  of  4  pnrts(Photo  4). 

1.  TT  network 

2.  Generator 

3.  Phase  meter  +  accessories 

4.  Control  network 


V 


V 


s  411, . 

line 


hence 
W 


civ  .  10-0, IAt 
c  max  *  s 


It  appears  that  the  level  of  drive  is 
not  very  sensitive  to  changes  of  crystal 
resistance.  If  the  crystal  resistance  changes 
from  2R  to  2.8R  o.‘  to  1.411  the  drive  level 
will  be  not  more  than  below  nominal  level 
of  drive.  If  this  is  permitted  the  following 
series  of  7T  networks  can  be  applied: 


2R 

1  R 

!  v 

12.5 

9 

-  18 

Ohms 

25 

18 

-  35 

Olnns 

50 

35 

-  70 

Ohms 

100 

70 

-  140 

Ohms 

200 

140 

-  280 

Ohms 

With  these  networks  practically  all  types 
of  AT  cuts  can  be  measured  with  simple  con¬ 
trol  of  drive  level. 


The  77*  network  has  3  parts;  2  asymme¬ 
trical  attenuators  and  the  contact  plates 
for  the  crystal  terminals  (Photo  5).  The 
function  of  the  attenuator  is  twofold: 

Attenuation  of  unwanted  reflections 
from  source  and  load.  If  the  phase  error 
of  the  impedance  seen  by  the  crystal  unit 
must  bo  less  than  0.2  it  can  be  shown 


For  the 


so  W 


cmax 


real i sed 

1/60  wt. . 


networks  A( 


14.8  dll, 


For 
wi  th  a 
W 

c  mnx 


the  general ei 
very  efficient 
=  3  raW. 


used  W  =  0.18  W  so 
'  *  >  >'  splitter 


1.13  - 


For  higher  power  levels  amplifiers  have 
(o  ho  used. 

The  length  of  the  connection  be  (.ween 
network  and  power  splitter  must  be  care¬ 
fully  chosen  as  the  TT  network  will  give 
reflections  for  any  crystal  impedance  -f  0. 

If  the  connection  with  the  power  splitter 
is  too  long  compared  with  £  wave  a  phase 
error  will  result  in  the  A  channel  of  the 
phase  meter  and,  ns  a  consequence,  in  the 
measurement..  If  long  cables  are  required 
e.g.  for  measurements  in  ovens,  then  a  10  dll 
attenuator  has  to  be  added  between  TT  net¬ 
work  and  [lower  splitter.  This  will  lower  the 
drive  level. 

The  cables  must  also  he  carefully  chosen 
and  a  double  shielding  is  imperative  in 
order  to  avoid  parasitic  couplings  and  band 
effect.  Cable  HG-223/U  gives  satisfactory 
resul ts . 

The  contact  plates  have  a  rim  (l’hoto  7) 
that  makes  contact  with  the  crystal  termi¬ 
nals  at  the  reference  plane.  The  plates  have 
been  designed  in  such  a  way  that  the  para¬ 
sitic  capaci lances  compensate  the  series 
inductance  of  the  lead  and  plate  for  fre¬ 
quencies  below  100  MHz.  This  car.  he  checked 
by  measuring  (lie  phase  with  a  number  of 
thin  film  ("zero  phase")  resistors  or  diffe¬ 
rent  resistances  inserted  in  the  TT  network. 
Graph  8  shows  an  undercompensated  network 
and  a  compensated  one.  The  compensation  is 
performed  by  changing  the  thickness  of  the 
dielectric  between  the  contact  plates  and 
the  maps. 

The  frequency  error  resulting  from  a 
phase  error  is 


d.  Control  network.  Serves  as  a  phase 
invertor,  the  low  pass  section  suppressing 
oscillations  in  the  servo  loop  (Fig.O). 

A  r 

A  means  is  provided  to  make  the  — jr 

versus  ^con^roj  curve  of  the  generator  prac- 

tivally  independent  of  frequency  by  using 
the  frequency  analog  output. 

Closing  switch  S0  for  a  short  lime  lo¬ 
wers  the  frequency  to  that  of  the  lower  end 
of  the  controlled  range  (O.IjS  of  f^). 

because  of  the  capacitive  character  *>t  the 
crystal  units  the  phase  meter  indicates  a 
positive  phase  angle.  This  results  in  a 
slew  increase  of  frequency  (searih  action) 
until  the  resonance  frequency  is  lonnd  where 
the  phase  locks  the  frequency. 

Pushing  Sj  interrups  the  control  loop 
and  gives  a  small  negative  charge  oil  the  ■  a- 
paeitor  bank.  This  unlocks  the  licquciny 
which  will  now  slowly  increase  until  a  »e<  olid 
mode  is  found.  This  is  demonstrated  in  photo 
'i  where  a  dual  resonator  is  inserted  and  the 
symmetrical  mode  measured.  After  pushing  S( 
the  ant  i  syinmet  ri  cal  mode  is  excited  (photo 
10).  The  method  is  also  useful  lor  the  search 
and  measurement  of  unwanted  modes  m  oscil¬ 
lator  crystals. 


Measuring  results 


Three  groups  of  all  glass  crystals  ( lit'— 
27/ F)  have  been  used; 

87  MHz  fifth  overtone 
01  Mllz  third  overtone 
10  MHz  third  overtone 


A£  t  Aj?  1 

r  =  Qcff  Vf  =  wpc,noff 


Example:  f  =  til  MHz 


C  -  0. Ot) | <5  pi¬ 
ll  =  15  Olm 


It  +211. 
r 


11  =  12.)  Ohm  so  0  3il,000 

•■It 

A  <f  »  phase  error 
Hie  result  is  that 

—  =  )  >  x  1<>  i  Af. 

So  that  lor  a  requirement  of  — jt^O.l  x  It)-*1 

A /must  be  less  than  1/V50  radian  r  0.2°. 

This  can  be  achieved  with  a  carefully  design¬ 
ed  TT  network. 


All  crystals  have  low  t empe ra ( u rc  tool- 
ficients  at  room  temperature  and  have  been 
selected  to  avoid  small  activity  dips  and 
frequency  jumps. 

The  measuring  procedure  starts  with  the 
TT  network ,  transfer  the  crystal  to  the  till 
bridge—*  RX  meter  — *  (ill  bridge—  TT  net¬ 
work  in  order  to  compensate  lor  slow  tempe¬ 
rature  changes.  The  10  MHz  crystals  have  not 
been  measured  in  the  (ill  bridge  because  ol 
the  low  I  requeue y. 

Fse  has  been  made  of  the  TT  network  with 
a  211  value  ol  23  Ohms,  serial  number  2.  Un¬ 
measured  frequency  di  f  I  c  retires  with  iispeii 
to  the  TT  network  are 


Relative  frequency  dif-  b.  Automatic  search  of  resonant  frequen- 

_ ferences _ cy  of  main  mode  and  of  other  modes  is  possible. 


Frequen¬ 

cy 

25  Ohm  nr  2 
TT 

GR 

RX 

10  MHz 

reference 

— 

-0.3+0.7xl0-7 

6l  MHz 

reference 

-2  +1.5 

0.5+2  xlO-7 

87  MHz 

reference 

+0.7+1. 6 

+1.1+2  xlO-7 

Apparently  no  significant  systematic 
differences  have  been  found. 

Then3  different  TT  networks  have  been 
compared . 


Relative  frequency  dif- 
_ ferences _ 


Frequen¬ 

cy 

25  Ohm  nr  2 

25  Ohm 
nr  1 

50  Ohm  nr  1 

10  MHz 

reference 

-0.25+0.5 

-0.18+0.4xl0"7 

6l  MHz 

reference 

-1.25+1.4 

-1.6  +2  xlO-7 

87  MHz 

reference 

-0.3  +0.3 

-1.1  +0.7xl0“7 

Again  no  significant  differences.  The 
differences  in  spread  are  mainly  produced  by 
the  different  values  of  effective  Q  (290,000 
21,000  resp.  107,000). 

Note:  The  mention  of  the  type  of  equipment 
used  serves  to  demonstrate  the  flexibility  of 
choice  of  measuring  set  up  and  is  not  inten¬ 
ded  as  an  endorsement  of  any  particular  pro¬ 
duct. 

Conclusion 

Based  on  the  new  definition  of  crystal  im¬ 
pedance  the  differences  in  resonant  frequency 
measured  in  1  different  TT  networks  and  in  2 
different  bridges  appear  to  be  smaller  than 
4  x  10-7. 

No  significant  systematic  differences  have 
been  found,  provided  that  the  TT  networks 
have  been  designed  carefully. 

The  rose  I  ability  of  the  networks  appears 
to  be  +0.7  xl()“t  for  the  worst  case  (6l  MHz). 

The  advantages  of  this  set  up  in  compa¬ 
rison  with  the  bridge  methods  are: 

a.  Ease  of  measurement,  especially  with 
regard  to  adjustment  of  level  of  drive.  No 
corrections  are  needed  for  the  length  of  the 
lead  between  crystal  and  network  and  as  a 
consequence  the  measuring  time  is  a  fraction 
of  that  needed  when  using  the  bridge  methods. 
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INFLUENCE  OF  DESIGN  OF  It  NETWORK  ON 
PHASE  ERRORS. 
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ANOTHER  LOOK  AT  SPECIFYING  A  CRYSTAL 


Donald  W.  Nelson 
RCA-Camden,  N.J. 


Summary  What  determines  the  degree  of 

testing  to  be  performed  on  a  crystal? 

Fluently,  the  failure  to  com-  Unfortunately,  the  answer  is  usually 
municate  problem  areas  by  way  of  the  cost.  Our  profit-motivated  society 

drawing  leads  to  improper  price  bid-  demands  a  justification  for  additional 

ding  and  inferior  products.  Although  testing.  We  should  not,  therefore,  make 
there  is  a  great  tendency  among  en-  expensive  requirements  unless  they  are 

gineers  to  pass  the  blame  to  the  pur-  necessary  to  the  circuit;  e.g.,  there 

chasing  agent  or  a  crystal  manufactur-  is  no  reason  to  make  requirements  of  Q 

er,  the  engineer  is  nonetheless  re-  when  equivalent  resistance  is  suffi- 

sponsible  for  the  first  line  of  com-  ciently  meaningful.  If,  on  the  other 
munication  -  the  crystal  specification,  hand,  requirements  such  as  a  phase- 
Three  levels  of  crystal  specification  locked  loop  demands  a  control  on  C*  or 
are  described  with  suggestions  which  Q,  it  would  be  foolish  to  omit  control 
should  be  helpful  in  eliminating  mis-  of  the  parameter, 
guided  bids  and  hard  feelings  between 

manufacturer  and  user.  Possibly,  the  simplest  specification 

we  shall  find  is  in  fig.  1.  This  is 
Discussion  conceivably  a  $1  unit  in  quantity  with 

a  minimum  of  testing.  Such  a  drawing 

When  can  you  use  a  MIL-SPEC?  could  be  expanded  in  accordance  with 

How  costly  is  Hi  Rel  Testing?  Should  requirements.  Not  only  should  the  en- 
you  gear  the  specification  to  a  gineer  change  his  drawing  in  accordance 

specific  vendor?  Does  it  cost  more  with  new  requirements,  but  the  manu- 

to  overspecify  than  to  underspecify?  facturer  should  protect  himself  by  in¬ 
is  it  possible  to  completely  controla  forming  the  customer  if  the  specifica- 

a  product  by  a  drawing?  tion  can  be  tightened  without  increased 

cost  in  the  product.  It  might  be 

Perhaps  you  have  experienced  the  found,  as  expected,  that  this  is  a  poor 

situation  where  many  hours  were  spent  specification,  that  the  true  require- 

with  a  crystal  manufacturer  to  devel-  ment  is  for  .005%  from  32°F  to  100°F, 

op  a  satisfactory  part  -  only  to  have  and  that  by  virtue  of  your  good  design 

purchasing  award  the  second  order  to  and  high  quality  in  manufacturing, 
a  lower  bidder  who  is  completely  un-  your  crystal  fits  the  circuit  perfectly, 
familiar  with  the  true  requirements  By  all  means,  encourage  the  customer  to 

of  the  circuit.  While  our  first  in-  update  the  drawing.1  He  may  find  a  less 

stinct  is  to  blame  the  purchasing  virtuous  vendor  on  the  next  run. 

agent,  the  true  responsibility  belongs 
to  the  man  who  wrote  the  specification. 

A  great  deal  can  be  placed  on  your 
drawing  to  better  describe  the  crystal 
and  protect  you  and  the  second-source 
bidder  from  certain  failure. 


-  Ill  - 


COMMERCIAL  LEVEL  SPECIFICATION 


H.A.M.  CO. 

ASHLAND,  N.  J. 

SPECIFICATION  FOR  QUARTZ  CRYSTALS 

1.  FREQUENCY  -  7l42KHz 

2.  TOLERANCE  -  +  .01% 

3.  TEMPERATURE  -  50°F  TO  85°F 

4.  LOAD  CAPACITANCE  =  32PF 

5.  HOLDER  -  HC-6 

6.  VENDOR  -  P.A.  DELIGHT  CO. 

PUNXATAUNY,  PA. 

FIGURE  1 

It  should  be  obvious  that  a  cry¬ 
stal  shipped  to  the  above  drawing  has 
no  promise  of  reliability  other  than 
the  reputation  of  its  manufacturer. 
Despite  this  conclusion,  inadequate 
specifications  such  as  figure  1  have 
been  the  greatest  cause  of  added  ex¬ 
pense.  Once  a  bad  part  has  been  re¬ 
ceived,  there  is  a  good  chance  you 
will  pay  the  manufacturer.  In  ad¬ 
dition,  you  will  probably  pay  several 
times  the  crystal  cost  while  conducting 
an  investigation. 

The  Military  crystal  specification 
system,  based  on  MIL-C-3098,  provides 
a  uniform  series  of  specifications 
with  known  environmental  qualifications. 
By  virtue  of  the  established  system  of 
testing,  a  MIL  crystal  has  a  knwon  en¬ 
vironmental  capability  and  some  relia¬ 
bility.  Unfortunately,  the  demise  of 
the  MIL  crystal  lies  in  a  manufacturer's 
interpretation  of  MIL-C-3098.  Since 
there  are  many  places  where  the  MIL- 
SPEC  is  too  loose,  the  writer  suggests 
supplementing  existing  drawings  with 
testing  appropriate  to  your  problem 
areas.  Figure  2  displays  an  augmen¬ 
ted  military  specification. 


Some  problem  areas  dealt  with  in  the 
drawing  are  expanded  as  follows: 

1.  An  activity  dip  at  some  tem¬ 
perature  may  cause  your  system  to 
fail.  Paragraph  3.1.3  not  only 
limits  the  maximum  equivalent  series 
resistance,  but  limits  the  change  in 
R  over  the  temperature  range  to  20%. 
Furthermore,  the  quality  assurance 
provisions  require  a  temperature  run 
chart  be  submitted  with  each  crystal. 
The  user  is  now  assured  of  the  quality 
level  received. 

2.  It  is  not  uncommon  for  a  crystal 
manufacturer  to  increase  the  electrode 
size  to  meet  the  requirements  of  the 
preceding  paragraph.  The  CR-55A/U 
specification  allows  7pf  shunt  capa¬ 
citance  which  is  well  above  the  typi¬ 
cal  value  of  4.3pf.  Should  the  elec¬ 
trode  size  be  increased,  the  circuit 
will  probably  operate  at  a  different 
frequency  than  when  using  a  4.3pf 
crystal . 

Paragraph  3.1.4  covers  this  require¬ 
ment. 

3.  Paragraph  3.1.5  shows  the 
operating  drive  level  which  is 
considerably  less  than  the  norric  1  2mW 
test  level.  Here,  again,  is  a  ooorly 
defined  area  in  the  standard  part 
which  can  cause  problems  on  the  pro¬ 
duction  1  ine. 

4.  A  fourth  change  to  the  CR55A/U 
specification  which  might  be  desirable 
is  the  addition  of  a  Seal  Test  on  all 
units.  The  requirement  in  our  speci¬ 
fication  is  found  in  para.  4.1.2. 


AUGMENTED  MIL-C-3Q98  SPECIFICATION 


RCA  Corp. 

Camden,  N.J. 

Specification  for  Quartz  Crystals 


1.0  SCOPE: 

1.1  THIS  SPECIFICATION  INCLUDES  THE  GENERAL  AND  DETAILED  REQUIREMENTS 

AND  TESTS  OF  RELIABLE  QUARTZ  CRYSTAL  UNITS  DESIGNED  FOR  PRECISE 
FREQUENCY  CONTROL. 

2.0  APPLICABLE  DOCUMENTS: 


2.1  THE  FOLLOWING  SPECIFICATION,  OF  THE  ISSUE  IN  EFFECT  ON  DATE  OF 
INVITATION  FOR  BIDS,  FORM  A  PART  OF  THIS  STANDARD  TO  THE  EXTENT 
SPECIFIED  HEREIN. 


SPECIFICATIONS 

MILITARY 

Ml L-C-3098D  CRYSTAL 

Ml L-C-3098/33D  CRYSTAL 

Ml L-H- 10056/9  HOLDER, 


UNIT,  GENERAL  SPECIFICATION  FOR 
UNIT,  QUARTZ,  CR-55A/U 
CRYSTAL,  TYPE  HC-18/U 


STANDARDS 

MILITARY 

MIL-STD-202  TEST  METHODS  FOR  ELECTRONIC  AND  ELECTRICAL 

COMPONENT  PARTS. 


3.0  REQUIREMENTS: 

3.1  ELECTRICAL 

3.1.1  THE  CRYSTAL  UNIT  SHALL  MEET  ALL  ELECTRICAL  REQUIREMENTS  OF  MILITARY 

STYLE  CR55A/U  PER  MIL-C-3098  AS  MODIFIED  HEREIN. 

3.1.2  THE  FREQUENCY  SHALL  BE  48.50000  MEGAHERTZ  +  .005%  OVER  THE  OPERATING 
TEMPERATURE  RANGE  PER  PARAGRAPH  3.3.1. 

3.1.3  THE  MAXIMUM  EQUIVALENT  RESISTANCE  SHALL  BE  30  OHMS  OVER  THE  OPERATING 
TEMPERATURE  RANGE.  THE  CRYSTALS  EQUIVALENT  RESISTANCE  SHALL  NOT 
CHANGE  MORE  THAN  +  20%  FROM  THE  VALUE  MEASURED  AT  25°C. 

3.1.4  THE  SHUNT  CAPACITANCE  SHALL  BE  4.3  +  0.5PF. 

3.1.5  THE  AVERAGE  OPERATING  DRIVE  LEVEL  IS  0.1MW. 

3.2  MECHANICAL  -  CRYSTAL  SHALL  BE  IDENTICAL  TO  CR-55A/U. 

3.5  ENVIRONMENTAL 


3.3.1  TEMPERATURE  - 

OPERATING  *-10°C  TO  70°C 
STORAGE  -55°C  TO  105°C 

4.0  QUALITY  ASSURANCE  REQUIREMENTS 

4.1  IN  ADDITION  TO  QUALIFICATION  TESTS  PERFORMED  IN  ACCORDANCE  WITH 

MIL-C-3098,  THE  FOLLOWING  TESTS  SHALL  BE  PERFORMED  ON  ALL  CRYSTALS 
BEFORE  THEY  ARE  SUBMITTED  TO  THE  BUYER.  DATA  FROM  THESE  TESTS  SHALL 
BE  SUBMITTED  WITH  THE  CRYSTALS. 

4.1.1  TEMPERATURE  RUN,  OPERATING  RANGE,  IN  ACCORDANCE  WITH  MIL-C-3098, 

PARA.  4.7. 4. 3. 2. 

4.1.2  SEAL  -  ALL  UNITS  SHALL  BE  TESTED  IN  ACCORDANCE  WITH  MIL-STD-202, 

METHOD  112,  CONDITION  C. 

5.0  PREPARATION  FOR  DELIVERY 

5.1  PARTS  SHALL  BE  PACKAGED  AND  PREPARED  FOR  DELIVERY  IN  ACCORDANCE  WITH 

MIL-C-3098,  PARAGRAPH  5.1.2,  LEVEL  C. 

6.0  SUGGESTED  SOURCE: 

Q.P.L.  CORP, 

INDEPENDENCE,  MO. 

FIGURE  2 

where  parts  are  inaccessible,  or 

Augmented  areas  of  specification  are  special  environments  create  peculiar 

meant  to  show  typical  problems  which  demands.  There  are  seldom  production 

might  exist.  By  s tudying  your  own  runs  on  such  parts  ",'>d  the  testing  re- 

necds ,  the  most  economical  drawing  qui red  is  extensive, 

may  be  evolved.  A  worst-case  analysis  n 

of  the  circuit  is  most  helpful  and  One  of  the  important  additions  to  Hi 

frequently  inexpensive  in  that  it  tends  Rel  parts  is  documentation;  another 

to  find  problem  areas  before  parts  are  addition  is  the  screening  tests  on 

purchased.  The  "ounce  of  prevention"  every  part  shipped.  Environmental 

philosophy  of  an  augmented  MIL-SPEC  requirement  are  usually  more  stringent 

may  well  turn  into  a  "penny  saved".  than  those  denoted  by  MIL-C-3098. 

If  a  CR  55A/U  costs  $3.50,  the  addi-  Test  procedures  are  detailed  because 

tional  testing  could  double  t fie  price.  wide  variations  from  MIL-STD-202. 

In  several  cases  known  to  the  author,  The  resulting  drawing  may  appear  ur.u- 

such  an  expenditure  would  have  been  sually  large;  however,  it  does  control 

a  bargain.  a  component  more  completely  and 

flexibly.  Figure  3  outlines  these 
The  third  level  of  crystal  specification  requirements, 
exists  in  a  world  apart  from  the  con¬ 
fines  of  a  $1  -  or  $10  -  price  tag. 

High  Reliability  Crystals  are  needed 


ESSENTIALS  OF  A  HIGH  RELIABILITY 
SPECIFICATION. 

1.  Mechanical  &  Electrical  Requirements 

2.  Serialization  &  Traceabili  ty 

3.  Environmental  Requirements 

4.  Q.ual  i  ty  Assurance  Provisions 

A.  Qual if icatlon  Tests 

B.  Group  C  (Shock,  Vibration,  Life) 

C.  Screening  (100%  of  Shipment) 
data  shipped  with  crystals 

5.  Detailed  Test  Procedures 

6.  Preparation  for  Delivery 

7.  Notes 

e.g.  Notification  of  Process 
Change ^ Fa i 1 ure  Rate  Goal 

Figure  3 

Documentation  of  a  I’ 1  gh  Rel  part  in¬ 
cludes  serialization  and  traceability 
of  the  part  through  all  its  processes. 

All  test  information  is  filed  for  a 
number  of  years  (usually  5)  hy  the 
manufacturer.  The  user  receives  a  copy 
of  acceptance  test  data  with  each  crystal, 
and  must  be  notified  in  writing  of  any 
change  in  process. 

Typical  Screening  tests  invoked  on 
all  crystals  include  Insulation  Resis¬ 
tance,  Temperature  cycling  and  Seal 
testing.  In  addition,  a  temperature 
run  and  aging  are  performed  as  part  of 
quality  assurance. 

One  Hi  Rel  Crystal  Specif ication  currently 
in  use  is  eight  (8)  pages  long.  It 
is  shown  here  (Fig.  4)  for  those  who 
care  to  study  the  techniques  more 
assiduously.  For  the  small  quan¬ 
tities  used,  the  cost  of  this  crystal 
is  greater  than  $150.  One  third  of 
this  cost  represents  production;  two- 
third  testing  and  documentation.  A 
sobering  note  is  that  we  still  have 
some  problems  with  Hi- Re  1  crystals; 
however,  the  problems  are  much  more 
sophisticated. 


SUMMARY: 

1.  It  is  doubtful  that  a  crystal  e.?n 
be  completely  controlled  by  any  speci¬ 
fication;  therefore  - 

2.  The  engineer  must  be  alert  to 
problem  areas  and  modify  the  specifi¬ 
cation  when  necessary. 

3.  The  manufacturer  can  protect 
himself  and  the  user  by  advising  the 
user  of  desirable  changes  in  the  drawing. 

4.  The  least  expensive  crystal  is 
the  one  tailored  to  the  problems  of 
the  user.  It  might  cost  $1  -  or  $100-. 
t'y  showing  the  manufacturer  a  true  pic¬ 
ture,  there  are  fewer  chances  of  in¬ 
correct  bidding.  It  is  not  necessary, 
or  even  desirable,  to  tie  the  specifi¬ 
cation  to  one  vendor.  He  might  have 

problems  and  not  be  able  to  deliver. 

« 

It  is  not  the  intent  of  this  paper 
to  motivate  a  user  toward  a  higher 
level  of  specification.  Rather,  the 
user  should  be  aware  of  techniques 
and  practices  of  delineation.  Al¬ 
ways  remember,  a  specification  is 
a  living  document.  Take  another 
look  at  it  -  and  another,  and  another. 
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RCA  COUP. 

SPECIFICATION  CRYSTAL  UNIT 


1.  Scope: 

1. .  This  individual  past  specification  coven  the  general  and  detailed  requirements  high  reliability  quartz  crystal  for  use 
in  space  electronic  equipment. 

1.2  This  specification,  together  with  documents  referenced  herein,  forms  a  complete  procurement  specification. 

2.  Applicable  documents: 

2. 1  The  following  specifications  and  standards,  of  the  issue  in  effect  on  the  date  of  invitation  for  bid,  form  a  part  of 
this  specification  to  the  extent  specified  herein. 

SPECIFICATIONS: 

Military 

M1L-C-3098  Crystal  Unis,  Quartz 

STANDARDS 

M1L-STD-130  Identification  Marking  U.  S.  Military  Equipment 
MIL-S7D-105  Sampling  Procedures  and  Tables  for  Inspection  by  Attributes 
MIL-STD-2Q2  Test  Methods  for  Electronic  and  Electrical  Component  Parts 

OTHER  PUBLICATIONS 

National  Aeronautics  and  Space  Administration  (NASA) 

NPC  2C0-3  Inspection  System  IVovisions  for  Suppliers  of  Space  Materials,  Components  and  Services 
EIA  P.S-192-A  Holder  Outlines  and  Pin  Connections  for  Quartz  Crystal  Units 
Radio  Corporation  of 

America  -  8533293  Reporting  Requirements,  Apollo  High  Reliability  Parts 

3.  Requirements 

3. 1  Mechanical  Requirements 

3.2. 1  Design  and  Construction  -Fifth  Harmonic  Crystal  in  a  Hermetically  Sealed  Holder. 

3.1.2  Material  -Quartt  element,  rnetal  supports  and  leads  encased  in  TO-39  holder  as  outlined  In  RS -192 -A,  and 
Figure  1. 

3.1.3  Metals  -  metals  shall  be  of  corrosion-resistant  type  or  shall  bo  plated  or  treated  to  resist  corrosion. 

3.1.4  Fungus  resistance  material  -  external  parts  shall  be  inherently  non-nutrient  to  fungus. 

3.1.5  Leads  -  leads  shall  be  soldirablc.  Soldcrabillty  requirements  arc  specified  In  paragraph  3.3.1.  b 

3. 1.6  Marking  -  units  shall  be  marked  in  accordance  with  Standard  MIL-STD-130  with  the  RCA  part  number.  The 
frequency,  the  manufacturer’s  name  or  symbol,  the  manufacturer's  part  number  and  serial  number.  11>e 
frequency  can  be  abbreviated  to  nearest  kilocycle. 

3.1.7  .  Serialization  -  each  serial  number  may  be  alpha,  numerical,  or  alphanumeric,  and  may  have  a  number  ol 

digits  up  to  and  Including  6  digits  in  length.  Tiie  serial  number  must  be  physically  on  the  pait  unless  the 
sire  of  the  part  prohibits  marking.  If  the  part  itself  cannot  lie  matked,  then  a  tag  shall  be  attached  on  tlio 
part  giving  the  serial  number  and  all  other  required  markings  not  physically  on  the  part.  Each  p  rt  delivered 
must  be  Individually  marked  or  tagged.  Serial  numbers  within  a  given  lot  need  not  necessarily  be  consecutive, 
but  in  succeeding  lots,  numbers  shall  be  of  higher  sequence  than  those  used  In  preceding  lots, 
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3. 1.8  Traceability  -  the  vender  shall  maintain  adequate  records  to  identify  all  of  the  types  of  materials  and/or 
types  of  parts  and  types  of  processes  in  the  production  of  each  serial  numbered  end  item.  Vendor  shall 
upon  request,  within  48  hours,  provide  RCA  with  the  list  of  materials,  parts  and  processes  for  any  end 
item,  or  define  all  end  items  produced  from  particular  materials,  parts  or  processes.  All  traceability 
information  shall  be  retained  on  file  by  the  vendor  for  a  period  fi  five  (S)  yea.  ♦ter  the  parts  are  delivered 
to  RCA.  The  information  shall  be  forwarded  to  RCA  upon  request. 

3.1.9  Workmanship  -  units  shall  be  manufactured  and  processed  In  a  careful  and  workmanlike  manner  in  accordance 
with  good  design  and  sound  practice. 

3.1.10  Visual  and  Mechanical  Inspection  -  the  units  shall  be  inspected  in  accordance  with  Paragraph  4. 6. 1. 

3.2  Electrical  Requirements  — 

3.2.1  Absolute  Maximum  Rating?  -  above  maximum  ratings  arc  those  which,  if  exceeded,  may  damage  the 
serviceability  or  life  of  the  unit, 

3.2. 1.1  Rated  Drive  Level  -0. 5  mw,  max. 

3.2. 1.2  Shunt  Capacitance  -  4  pf  +  1  pf 

3. 2.1. 3  Ambient  Temperature  Range  -  10°C  to  +  75°C  operating 

-55°C  to  +105°C  storage 


3.3.2  Characteristics: 


Part  No. 

Frequency  (MHZ) 

Toler 

a  nee  % 

Equivalent  Resistance  (Ohms) 

25°C 

-10°C  to  +7S°C 

86. 56666 

+.0005 

+.002 

60  max 

-2 

93.93333 

+,0005 

+>002 

60  max 

-3 

88.93333 

+.0005 

+,0015 

55  max. 

■4 

i 14. 85000 

+.0005 

+,0015 

55  ma  t 

3. 2. 2. 2  Equivalent  Resistance  -  over  the  operating  temperature  range  the  equivalent  resistance  shall  not  vary 

more  than  +IS  So  as  measured. 


3.3  Environmental  Requirements 


3.3. 1  The  units  shall  be  subjected  to  the  conditions  specified  in  the  applicable  test  paragraph  listed  below  subsequent 
to  those  specified.  There  shall  be  no  evidence  of  mechanical  damage,  no  harmful  corrosion,  no  open -or -short 
circuiting,  no  intermittent  contact*  In  addition,  the  units  shall  conform  tc  the  pest  test  end  points  specified  below. 

3.3. 1. 1  Vibration.  The  frequency  shall  not  change  from  the  measurement  made  prior  to  test  by  more  than  40.0005 
and  the  effective  resistance  by  mere  than  +10H  when  crystal  units  arc  tested  in  accordance  with  4,6. 4. 
There  shall  be  no  evidence  of  mechanical  damage. 

3.3. 1.2  Shock.  The  frequency  shall  net  change  from  the  measurement  made  prior  to  test  by  more  than  +0.0005 
and  the  effective  resistance  by  more  than  +10H  when  crystal  units  arc  tested  in  accordance  with  4.6.  5. 
There  shall  be  no  evidence  of  mechanical  damage* 

3.3. 1.3  Temperature  cycling:  The  frequency  shall  not  change  from  the  measurement  made  pnor  to  test  by  more 
than  4p.  0005K  and  the  effective  resistance  by  more  than  +10W  when  the  crystal  units  arc  tested  In 
accordance  with  paragraph  4.6.6. 

3.3. 1.4  Salt  Spray:  T!.erc  shall  be  no  evidence  of  corrosion,  and  the  frequency  and  equivalent  resistance  at  +30oC 
shall  be  as  specified  in  paragraph  3.2.2. 1  when  the  crystal  units  are  tested  in  acc  /dance  with  4.6.7. 


3.3.1. S 


Leakage:  Case  leakage  shall  not  exceed  10'**  CC/SEC  when  tlic  crystal  uni's  are  tested  in  accordance  with 
4.6.9. 

3. 3. 1. 6  Life:  After  24  hours  soaking  period  at  +6S°C  the  difference  frequency  between  any  two  readings  shall  not 
exceed  0.001 95  (10  PPM),  when  th:  crystal  units  are  subjected  to  testing  specified  in  paragraph  4. 6. 10. 

3.3. 1.7  Aging:  At  +65°C  the  aging  rate  shall  be  r.o  greater  than  14  parts  in  10~~  per  week,  when  the  crystal 
units  are  subjected  to  testing  specified  in  paragraph  4.6. 11. 

3.3.1.$  Soldcrability:  The  crystals  shall  be  tested  in  accordance  with  Method  208,  M1L-STD-202. 

4.  Quality  Assurance  Provisions 

4. 1  Classification  of  inspection  -  The  examination  and  testing  of  the  items  shall  be  classiticd  as  follows: 

(A)  Qualification  Inspection  (B)  Acceptance  Inspection 

4.2  Responsibility  for  Inspection 

4.2.1  Supplier  -  The  supplier  is  responsible  for  the  performance  of  all  inspection  requirements  as  specified  herein, 
except  as  otherwise  specified.  The  supplier  shall  utilbc  his  own  or  other  inpscction  facilities  or  services  approved 
by  RCA.  Inspection  records  of  die  examinations  and  tests  shall  bo  kept  complete  and  available,  as  specified 

in  the  purchase  order.  RCA  reserves  »he  right  to  perform  any  of  the  inspections  set  forth  in  the  specification  whole 
sich  inspections  are  deemed  ncccssaiy  to  assure  that  supplies  and  services  conform  to  the  specified  requirements. 

4.2.2  Test  Equipment  and  Inspection  Facilities  -  Test  equipment  and  inspection  facilities  shall  be  of  sufficient 
accuracy,  qualitv,  and  quantity  to  permit  performance  of  the  required  inspection.  The  supplier  shall  establish 
calibration  of  inspection  equipment  to  the  satisfaction  of  RCA. 

4.2.3  Inspection  System  -  The  Inspection  system  will  be  subject  to  evaluation  for  compliance  with  NASA  Quality 
Publication  NPC  200-3,  Inspection  System  Provisions  for  Suppliers  of  Space  Materials,  Components  and  Services; 
whenever  the  term  "NASA'1  appears  in  NPC  200.3,  it  shall  be  interpreted  as  meaning  RCA 

4.3  Inspection  Conditions  and  Methods. 

4.3. 1  Standard  Test  Conditions  -  Unless  otherwise  specified  herein,  all  measurements  and  tests  shall  be  made  at  an 
ambient  temperature  of  25  +  10,  -5°C,  atmccplieric  pressure,  90  percent  maximum  relative  humidity.  The 
tolerance  on  all  other  temperatures  shall  to  l3°C.  When  test  tcmpcratiecs  higher  tlun  35°C  arc  specified 
adequate  circulation  of  air  sliall  be  provided  to  maintain  the  temperatures  within  their  specified  tolerances. 

During  all  electrical  measurements,  the  units  shall  be  in  temperance  equilibrium  at  the  specified  temperatures. 

1.3.2  Alternate  Test  Methods  -  Other  test  methods  may  be  sidstinncd  for  those  specified  provided  the  manufacturer 
demonstrates  that  the  results  obtained  corrective  with  those  obtained  with  tic  methods  specified  liereln. 

4.4  Qualification  Inspection: 

Qualification  tests  slull  be  conducted  by  the  vendor  at  his  facility  or  any  other  facility  acceptable  to  the  buyer 
in  accordance  with  Tabic  1. 


TABLE  I 


TEST 

CONDITIONS 

ACCHT\M.T  CRITERIA 

DEFECTS 
A!  LOWED 

Group  1  -  All  Units  (301 

Visual  and  Mechanical 
(External) 

Insulation  Resistance 
Leakage 

Frequency 

■ 

■ 

1 

>•500  Megohms 
^.I0'8  CC/SEC 

Equivalent  Resistance 

c* 

r.> 

at  -20°C,  *25<>C 

C i75°C 

F  £.0005  .  at 

A  F-  See  para.  3.2.2. 1 

A  R:  See  pa. A.  3. 2. 2. 2 

! 

TABLF  I  fContii 


EFFECTS 

TEST 

H&tifSi 

CONDITIONS 

ACCEPTANCECRITERIA 

ALLOWED 

(Continued) 

Frequency  ami 

Equivalent  Resistance 

4. 6.2.2 

Over  temp,  range 

AF:  See  para.  3.2.2. 1 

A  R:  See  para.  3.2. 2. 2 

Unwanted  Modes 

4.6.3 

E  ■■  -■-•sE 

Shock 

4.6.5 

ilr:^.o.ooos'.; 

A  R:  —  10% 

No  Mechanical  Damage 

In  addition  to  Standard 
Test  Conditions  as  shown 

l 

Vibration 

4.6.4 

— » 

►  In  Rara.  4,3. 1  the 

AF  ^O.OOOSi. 

temperature  before  and 

A  R  —  105: 

after  a  given  test  shall 

No  Mechanical  Damage 

Temperature  Cycling 

4.6.6 

not  vary  by  more  than  3°C 

A  F  0.0005% 

A  R  ^  10% 

Salt  Spray 

4.6.7 

No  Harmful  Corrosion 

Group  3-20  Units 

*»  Aging 

4.6.11 

At  +65°C 

A  F  £  14  x  10‘7/WK 

Life  (NonOperating) 

4.6.10 

3000  hours  at  +65°C  for 
qualification  plus  an 
additional  2000  for 
reliability  data 

A  F£0.001S<' 

•Total  A  resulting  from  tills  group  of  tests  shall  not  exceed  ,0015:;  (15  PPM)  and  R  £.60  Ohms  parts  1/2 
•*  Aging  concurrent  with  life.  45  Ohms  parts  3/4 


4.4. 1  Prior  qualification  -  Part  type  shall  be  ccnsldcrrd  to  be  qualified  provided  manufacturer  demonstrates 
that  the  type  Involved,  or  a  closely  allied  type,  has  been  manufactured  and  qualified  for  ether  lugh- 
rcllability  programs  under  conditions  consistent  with  the  requirements  of  the  end  equipment  in  which 
the  part  will  be  used.  Sec  Note  6. 5. 

4. 5  Acceptance  Inspection: 

4. 5. 1  Acceptance  Tests 

4.  S.  1,1  Croup  A  Inspection.  Not  applicable. 

4.5. 1.2  Group  B  Inspection:  Not  applicable. 

4.5. 1.3  Croup  C  Inspection.  (10  Units!  The  test  specified  in  Table  II  shall  K  ocrfomicd  on  a  random  sample.  Units 
which  have  been  subjected  to  Croup  l  Table  11  Test  stall  not  be  sliippcd  to  RCA.  Units  which  successfully 
pass  Croup  2  T able  I!  U”is  shall  be  shipped  to  RCA  ajiiiat  purchase  order. 


TABLE  II 


TEST 

TEST 

TARA, 

CONDITIONS 

DEFECTS 

ALLOWED 

Group  !  (8  Units) 

Shock 

4.6.5 

In  addition  to  standard 
test  condition*  as  shown 
in  para.  4.3. 1  the  tempera¬ 
ture  bvlon.  and  after  a 
given  tc  t  shall  not  var> 
by  more  than  3°C 

Al  ^  0.0005  w 

10‘ . 

No  Mcchimcil  Damage 

1 

Vibration 

4  t.4 

at  the  tun  ing  point 

A  F  £o.()W> 

A  R  —  10 

No  Mechanical  Damige 

Croup  2  (h  Units) 

■  AM» 

It'W  |P>iin  w  v 

F  o.  001 

1 

4.5.2 


Screening  Test:  The  following  tests  in  Table  III  are  to  be  performed  by  the  vender  on  all  units  prior  to 
submission  to  the  buyer: 


TABIE  III 


TEST 

PARA. 

CONDITIONS 

ACCEPTABLE  CRITERIA 

Visual  and  Mechanical 
(External) 

4.6.1 

Insulation  Resistance 

Up. 

3500  Megohms 

Temperature  Cycling 

4  F.:  Not  applicable 

A  R:  Not  applicable 

No  physical  damage 

Leakage 

•1.6.9 

4. 6. 9. 2 

No  Bubbles 

lO"8  CC/SEC 

Frequency  and 

4. 6. 2.1 

At  -20°C,  t30°C  C 

F:  Sec  Para.  3.2.2 

Equivalent  Resistance 
Frequency  and 

+75°C 

4  F:  See  Piira.  3.2.2. 1 

A  R:  See  Para.  3.2.2  : 

Equivalent  Resistance 

4. 6. 2.2 

Over  Temp.  Range 

A  F:  Sec  Raw.  3.2,  ;.l 

A  R.  See  Para.  3. '.2.2 

Aging  (Concurrent  with  life 
Group  2.  Table  H) 

4.6.11 

+6S°C 

4  F;i  14  x  10‘7/WK 

4.5.3  Acceptance  Test  Data:  The  data  obtained  from  the  acceptance  tests  shall  be  supplied  at  the  time  of  shipment. 

Such  data  sgall  be  slupped  with  the  lot. 

4.5.4  Lot  -  A  lost  shall  consist  of  units  which  arc  submitted  for  acceptance  and  which  have  been  manufactured  on  the 
same  production  line  or  lines  during  a  period  of  not  more  than  one  week  or  a  longer  period  of  time  provided 
the 'manufacturer  demonstrates  that  a  homogeneous  lot  has  resulted  from  use  of  the  same  materials,  processes, 
personnel,  and  assembly  equipment.  Where  a  lot  contains  more  than  one  part  value,  sampling  shall  be 
proportionate  to  the  lot  composition. 

4.6  Test  Procedures 

4.6. 1  Visual  and  Mechanical  -  The  crystals  shall  be  inspected  to  verify  that  the  materials,  design,  construction, 
physical  dimensions,  marking  and  workmanship  arc  in  accordance  with  the  applicable  requirements. 

4.6.2  Frequency  and  Equivalent  Resistance: 

4. 6. 2. 2  Frequency  and  Equivalent  Resistance  over  the  Operating  Temperature  Range  -  Measurements  shall  be  performed 
continuously  in  accordance  with  Method  A  per  MIL-C-3098,  suitable  recording  devices  are  required  to  provide 
continuous  measurements  as  a  function  of  temperature. 

4. 6.3  Unwanted  Modes  -  Unwanted  Mode  measiaemcnt  shall  be  in  accordance  with  para.  4. 7, 5  of  MIL-C-3098, 

4.6.4  Vibration:  The  crystal  units  shall  be  tested  in  accordance  with  Method  204,  MIL -STD -202,  Tost  Condition  D. 

The  following  shall  apply: 

1  -  Method  of  Mounting:  Rigidly  in  each  of  3  mutually  perpendicular  planes. 

2-  Electrical  Load  conditions:  Nonoperating. 

3-  Measurements:  Measure  frequency  and  effective  resistance  before  and  aftc-  testing  at  the 
turning-point  temperature  of  each  crystal  unit. 

4.6.5  Shock:  The  crystal  units  snail  bo  tested  in  accordance  with  Method  202,  MIL-STD-202.  The  following  details 
shall  apply: 

1  -  Mounting:  Shall  be  successively  mounted  in  each  of  its  3  principal  axes. 

2-  Electrical  load  Conditions:  Non -operating. 

3-  Acceleration:  100  G. 

4-  Number  of  Blows:  One  in  each  of  the  3  mutually  perpendicular  planes. 

5-  Measurements:  Frequency  and  effective  resistance  before  and  after  testing  at  the  turning-point 

temperature  of  each  crystal  unit. 


4.6.6 


Temperature  Cycling:  The  Crystal  units  shall  be  subjected  to  5  cycles  of  temperature  cycling  specified 
Method  102,  MIL-STD-202,  Test  Condition  D,  except  the  step  3  temperature  shall  be  +85°C.  If 
specified  frequency  and  resistance  measurements  shall  be  made  before  and  after  testing  at  the  turning- 
point  temperature  of  each  crystal  unit. 

4.6.7  Salt  Spray  -  The  crystal  units  shall  be  tested  in  accordance  with  Method  101,  MIL-STD-202,  Test  Condition 
B.  After  this  test  the  units  shall  be  visually  examined  for  evidence  of  corrosion,  which  would  be  detrimental 
to  performance  requirements  of  the  crystal.  If  specified,  frequency  and  resistance  measurements  shall  be 
made  before  and  after  testing  at  +30°C. 

4.6.8  Insulation  Resistance  -  The  crystal  units  shall  be  tested  in  accordance  with  Method  302,  MIL-STD-202. 

The  following  details  shall  apply: 

1.  Test  Potential  50  to  100V 

2.  Points  of  measurement  between  the  pins  and  each  pin  and  the  holder 

4. 6. 9  Leakage  -  The  units  shall  be  subjected  to  gras  and  fine  leakage  test  in  accordance  with  MIL-STD-202, 

Method  112,  Condition  C,  Procedure  III  B.  The  equipment  sensitivity  shall  be  10*9  CC/SEC.,  minimum. 

4.6. 10  Life  -  The  crystal  units  shall  be  maintained  at  a  temperature  of  +6S°C  +  2°C  for  the  specified  period, 
but  the  long  term  temperature  stability  of  the  aging  oven  shall  be  +0. 1°C.  The  initial  frequency 
measurement  shall  be  made  at  24  hours  after  the  start  of  the  test.  Thereafter,  measurements  shall 

be  made  twice  a  week  at  intervals  of  not  less  than  2  days  nor  more  than  4  days  throughout  the  remaining 
period.  Test  oscillator  approved  by  RCA  shall  be  utilized  for  the  duration  of  the  test.  The  frcqucnc> 
measurement  accuracy  shall  be  at  least  +  1  part  in  10®,  In  the  event  of  any  condition  which  will  bring 
the  temperature  of  the  units  below  the  aging  temperature  for  the  intervals  of  more  than  1  hour.  No 
measurement  shall  be  ma&  until  24  hours  after  temperature  restoration,  and  the  test  period  shall  be 
lengthened  by  the  length  of  time  that  the  tempcraturefailcd. 

4.6.11  Aging: 

4. 6. 11 . 1  Test  Method  A: 

4.6. 11. 1. 1  Soak  period:  Crystals  shall  be  maintained  at  +65°C  for  a  period  of  two  weeks,  dining  which  no 
measurements  are  to  be  taken.  Soak  period  may  be  performed  in  the  aging  oven  at  the  manu¬ 
facturer's  option. 

4.6. 11. 1.2  Measurements:  Crystals  shall  be  transferred  to  a  465°C  +2°C  aging  oven  within  two  hours  after 
removal  from  soak  oven.  Long  term  temperature  stability  at  aging  oven  shall  be  ±p.  1°C,  and 
frequency  measurements  shall  be  accurate  to  at  least  +1  part  in  10®.  Test  oscillator  approved  by 
RCA  shall  be  used  for  the  duration  of  the  test.  After  a  minimum  of  36  hours  for  stabilization  the 
reference  frequency  shall  be  determined  .  On  the  seventh  day  after  the  reference  reading  is  taken 

a  reading  shall  be  taken  from  which  aging  rate  is  calculated,  based  on  the  reference  reading.  Crystals 
exceeding  the  specified  aging  rate  shall  be  measured  on  the  eighth  day  and  the  aging  rate  calculated 
from  that  reading  and  the  better  of  the  first  two  readings  (the  reference  of  the  one  taken  one  day  there¬ 
after). 

4.6.11.1.3  Reference  Reading:  The  reference  rading  is  established  by  taking  an  initial  reading  and  daily  readings 
thereafter  until  the  average  difference  in  daily  readings  for  the  majority  of  crystals  within  the  same 
oven  is  two  times  the  dally  aging  limit  or  less.  The  next  to  last  daily  reading  in  the  sequence  shall  be 
called  the  reference  reading. 

4.6. 11.2  Test  Method  B  (to  step  up  test  cycle): 

4.6.11.2.1  Soak  Rerlod  None 

4.6. 11.2.2  Measurements:  Crystal  units  shall  be  maintained  at  ♦65°C  ♦  2°C  in  an  aging  oven  with  a  long  term 
temperature  stability  of  +p.  1°C.  A  transistorized  test  oscillator  approved  by  RCA  $hiU  be  utilized 
for  the  duration  of  the  test.  The  frequency  measurement  accuracy  sb  *11  be  at  least  ♦  1  part  sn  10*\ 
After  a  minimum  of  36  hours  for  stabilization,  the  reference  reading  slull  be  determined.  On  the 
seventh  day  after  the  reference  reading  U  taken  a  reading  siull  be  taken  irom  whub  the  -<ging  rate 
shall  be  calculated,  based  on  the  reference  reading.  Crystal  units  exceeding  the  specified  aging  rate 
shall  be  measured  on  the  eighth  d»y  and  the  aging  rate  calculated  irom  th*r  n  <ding  »nd  tK  bett*  of 
the  find  two  hidings  (the  reference  or  the  one  taken  one  day  thereafter).  Crystal  unit*  meeting  the 
specified  aging  limit  may  be  remoted  from  the  iging  oven.  Additional  e>nj?  ted  tvcles  may  he 
performed  on  the  reanunlng  units  in  accordance  with  paragraph  4,  <>  !  *  1  or  4  6  1 1.2, 


4.6.11.2.3 


Reference  Reading:  See  paragraph  4. 6. 11. 1.3 


4.7  Failire  Reporting,  Analysis  and  Corrective  Action  -  The  manufacturer  shall  report  to  the  cognizant  buyer 
on  any  failure  which  occurs  during  any  phase  of  testing  or  conditioning  within  24  hours  of  occurrence  of  such 
failures.  A  report  of  the  cause  of  failure  and  corrective  action  initiated  to  prevent  recunence  of  such  failure 
shall  be  submitted  to  the  buyer  within  two  weeks  after  the  failure.  Iu  the  event  of  a  field  failure,  RCA  will 
return  the  failed  unit  to  the  manufacturer,  who  will  conduct  a  failure  analysis  on  the  unit  and  submit  a  report 
of  cause  ol  failure  and  corrective  action  initiated  to  prevent  recurrence  of  such  failure.  The  report  shall  be 
submitted  within  two  weeks  after  receipt  of  the  failed  unit  from  RCA. 

4.8  Documentation  -  The  documentation  shall  be  in  accordance  with  RCA  drawing  8533293. 

5.  Preparation  for  delivery 

5. 1  Packaging  -  the  units  shall  be  packaged  in  such  a  manner  that  they  will  be  protected  during  shipment  and 
storage.  Packages  shall  be  suitable  to  provide  maximum  physical  protected  in  a  minimum -she  package 
without  undue  distortion  of  the  leads  of  the  device. 

5.2  Packing  -  Units,  packaged  as  specified,  shall  be  packed  in  containers  of  the  type,  size  and  kind  commonly 
used  for  the  purpose,  in  a  manner  that  will  insure  .acceptance  by  common  carrier  and  safe  delivery  at 
destination. 

6.  Notes 

6. 1  Design  or  ftocess  Change  -  No  change  shall  be  made  in  the  design  or  process  of  manufacture  of  units  to  be 
shipped  to  the  customer  from  that  of  units  subjected  to  qualification  inspection  without  prior  approval  by 
the  Radio  Corporation  of  America. 

6.2  Failure  Rate:  The  failure  rate  goal  fer  the  items  specified,  when  operated  in  an  ambient  of  25°C  and  subjected 
to  S0%  of  specified  maximum  electrical  ratings,  shall  be  .005^/1000  hours. 

6.3  The  supplier  shall  exercise  caution  to  avoid  physical  damage,  particularly  to  plating  of  lead  or  terminals 
resulting  from  the  abnormal  amount  of  handling  necessary  for  high  reliability  processing,  such  as  repeated 
insertion  and  withdrawls  from  test  fixtures. 

6.4  Suggested  Source:  McCoy  Electronics  Co. ,  (H4  Code  OQ136) 

Mt*  Holly  Spring,  Pa. 
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F/GURE  / 

MECHANICAL  DIMS NS (ON/ MG  FOR 
CRYSTAL  UNIT  USRfQ  TO'39  CASE. 


The  variation  In  actual  diameter 


NOTES; 

1.  This  tone  is  controlled  for  automatic  handling, 
within  the  rone  shall  not  exceed  .  010. 

2.  The  device  may  be  measured  by  direct  methods  or  by  the  gage  and  gaging  procedure 
described  on  gage  drawing  CS-1. 

3.  Details  of  outline  In  tlds  zone  optional. 

4.  Active  leads  are  numbers  1  and  3.  lead  2  is  not  connected,  and  cut  off  at  header. 
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TEMPERATURE  RUN,  MIL-C-3098E: 
AN  ANALYSIS 


R,  Pompeo  and  F.  Wolf 
M°Coy  Electronics  Company 
Mt.  Holly  Springs,  Pennsylvania 


Summary 


The  advent  of  Mil-C-3098E,  Amendment  1, 

July  31,  1968  in  paragraph  h.7.1i.3.1,  specified 
a  piece  of  test  equipment  by  manufacturer  and 
model  for  determining  crystal  performance  over 
the  temperature  range.  The  procedure  as  desc¬ 
ribed  in  oaragraph  h.7.li.3.1  has  presented  some 
problems  in  implimentation.  Many  confronted 
with  the  procefure  do  not  agree  on  how  the  test 
is  to  be  conducted. 

The  paper  will  deal  with  the  interpretation 
of  paragraph  It .7 .li *3 .1 »  Mil-C-3098E,  Amendment 
1,  July  31,  1968.  An  analysis  will  be  made  of 
the  paragraph  presenting  a  step  by  step  procedure 
conducting  the  temperature  run. 

The  test  equipment  required  is  examined. 
Calibration  of  the  equipment  will  be  discussed 
and  versatility  of  the  equipment  for  all  test 
sets  required  in  Mil-C-3098  is  examined. 

Standard  times  for  conducting  the  test  are 
presented. 

Recommendations  to  improve  the  test  setup 
are  presented. 

Introduction 

lYobably  since  the  first  observer  ascertained 
crvstnl  frequency  was  contingent  on  temperature, 
measuring  crystal  performance  over  a  temperature 
range  has  been  the  cause  of  disagreement  between 
seller  and  customer.  Standard  procedures  that 
all  ir  the  industry  could  or  would  employ  have 
been  lacking. 

Recently,  in  an  effort  to  resolve  this 
dilemma,  a  procedure  was  drafted  and  became 
paragraph  I. .7. h. 3.1,  amendment  1,  Mil-C-3r>?8F. . 

This  naragranh  describes  the  test  procedure  and 
specifies  the  equipment  by  manufacturer  and 
model  that  shall  be  used.  The  paragraph  is  far 
from  being  a  detailed  step-wise  procedure!  its 
language  is  subject  to  interpretation.  We 
first  review  the  paragraph  and  then  present  our 
interpretation. 

Test  Procedure 


The  procedure  is  really  two  paragraphs: 
"li.7.1i.3  Temperature  Run, 'Operating  Range,  Non- 
controlled  types. 


Measurements  of  frequency  and  equivalent 
resistance  of  a  crystal  unit,  designed  for 
operation  under  noncontrolled  temperature 
conditions,  shall  be  performed  at  rated  drive 
level  (see  h.7.1i.J>).  The  unit  shall  not  be 
disassembled,  and  indirect  means  shall  be  used 
for  determining  the  temperature  of  the  resonator." 
and  paragraph  "h. 7. It. 3.1  Test  Procedures.  The 
temperature  of  the  crystal  unit  shall  be  varied 
so  as  to  traverse  the  entire  operating  range 
from  low  temperature  to  high  temperature.  For 
the  operating  temperature  range  of-S5°C  to  105'C, 
the  temperature  range  shall  be  traversed  in 
eight  ±  one  minutes,  unless  otherwise  specified. 
For  the  other  operating  temperature  ranges, 
the  time  shall  be  proportional.  Measurements 
of  frequency  and  equivalent  resistance  shall  be 
recorded  continuously,  or  at  intervals  of  not 
over  3°C,  to  ascertain  that  tolerances  are  not 
exceeded  at  any  instant.  Tho  temperature  of 
the  end  points  shall  be  accurate  to  within  i 
1°C  of  specified  temperatures.  The  end-point 
frequencies  shall  be  within  ♦  $%  of  the  specified 
overall  frequency  tolerance,  when  compared  to 
the  equilibrium  frequency  at  the  end-poir.t 
temperatures.  For  example ,  if  the  specified 
frequency  tolerance  is  +  0.00$%  (over-all  lOOnpm) 
then  the  end-point  tolerance  is  5  ppm.  Tho 
temperature  run  shall  be  performed  automatically 
from  the  low  temperature  to  the  high  temperature 
using  a  T/C  analyzer,  Winslow  Tel-Tronics,  Inc. 
Model  TCA-1070,  or  equal.  No  manual  adjustments 
shall  be  made  to  the  test  setup  once  the  temp¬ 
erature  run  has  begun.  Note:  this  type  of 
temperature  run  may  cause  some  distortion  of  the 
frequency  temperature  characteristics"! 

It  should  be  noted  that  the  first  paragraph 
refers  to  the  unit  as  an  assembly  containing  a 
resonator.  The  second  paragraph  uses  only  the 
phase  crystal  unit. 


Analysis 


How  can  the  procedure  of  this  paragraph  be 
conducted?  If  analyzed,  it  is  found  that  it 
can  be  restated  m  three  steps. 


Recall  that  paragrarh  L.7.L.3.1  states, 
"The  temperature  of  the  end  points  shall  be 
accurate  to  within  *  l'C  of  the  specified 
temperatures.  Tho  end  point  frequencies  shall 


be  within  +  St  of  the  specified  overall  frequency 
tolerance,  when  compared  to  the  equilibrium 
frequency  at  these  end-point  temperatures" .  An 
example  from  the  family  of  generalized  frequency 
curves  is  represented  in  figure  1.  *  This  is  a 
"worst  case"  presentation.  The  solid  areas 
represent  the  St  value  for  a  O.OOSt  tolerance 
unit.  If  a  nominal  frequency  of  10.000  KHz  is 
used  as  an  example,  the  solid  area  at  the  bottom 
of  the  graph  is  SO  Hz  in  width  and  represents  a 
minimum  frequency  of  9.999li50  MHz. 


Figure  1 


Thus,  Step  1:  Stabilize  the  crystal  unit 
to  be  tested  at  an  ambient  of  -SS  4  1°C  or  at 
specified  lower  end  point  temperature,  and 
measure  the  equilibrium  frequency. 

Step  2:  Increase  the  temperature  to  105+ 

1°C  in  a  period  of  tt  ±  1  minutes.  This  shall  be 
accomplished  with  the  V.’inslow  Tole-trwnics,  Inc. 

T/S  analyzer,  model  TCA-1070  or  equivalent 
equipment  in  conjunction  with  the  appropriate 
Cl  meter  as  specified.  During  this  period,  the 
frequency  and  equivalent  resistance  shall  be 
recorded  continuously  or  at  intervals  not  exceedii g 
3‘C.  Ho  manual  adjustments  shall  be  made  to  the 
tent  equipment  once  the  temperature  run  has  begun. 

Step  3  begins  uron  attaining  10*1  “+  1»C,  or 
the  upper  specified  end  noint  temperature: 

Stabilize  the  crvrtal  unit  and  determine  the 
frequency. 

Reference  is  new  made  to  the  solid  area  at 
the  too  of  the  graph  (Figure  1.)  To  use  the 
rrmous  example,  the  frequency  limit  is  13.330  50 
KHz. 

Test  r.Tilrnent 

What  is  the  TC  a-alvzcr  specified  in  the 
cr  eed-ire.'  It  consists  a  nr  portions! ly 
c  >ntrrlkd  charier  for  h 'using  the  crystal  unit 


undergoing  test.  The  assembly  is  represented  in 
figure  2;  the  chamber  accomodated  an  HC-6/U  or 
HC-27/U  holder.  Inserts  are  provided  for  the 
HC-18/U,  as  illustrated  in  Figure  2,  HC-32/U, 
and  the  compression  welded  HC-35/U,  (TO-5). 

The  adaptors  supplied  with  the  analyzer 
will  not  accomodate  the  HC-26/U  and  HC-29/U. 

The  nominal  thickness  of  these  glass  enclosed 
types  is  0.183  inches,  too  large  for  the  adaptor. 


T/C  ANALYZER 

TCA-1010 

CHAMBER  ASSEMBLY 


Figure  2 


The  chamber  is  provided  with  a  solenoid 
operated  valve  for  controlling  carbon  dioxide 
used  to  cool  the  specimen  to  the  lower  end  point 
temperature.  It  is  vitally  important  that  a 
scrubber  be  installed  on  tho  supply  line  to 
reduce  clogging  of  the  small  orfice. 

This  bit  of  knowledge  was  harvested  as  bit¬ 
ter  fruit;  an  average  of  two  temperature  runs 
was  the  most  that  could  be  performed  prior  to 
disassembly  of  tho  chamber  to  clean  the  orfice. 
When  connected  to  a  1000  pound  carbon  dioxide 
source,  a  considerable  leak  oecured  at  the 
junction  of  the  orfiee  and  solenoid  valve.  Until 
repaired,  as  much  CC>2  entered  the  room  as  the 
interior  of  the  chamber, 

A  complete  test  position  with  the  anal -zer, 
crystal  impedance  meter,  frequency  counter  with 
printer,  and  graphic  recorder  is  shown  in  figure 
3.  The  counter  is  adjusted  so  that  the  frequency 
will  be  printed  on  a  two-second  average.  The 
praphic  recorder  senses  the  equivalent  resistance 
continuously. 


1. 


Figure  3 


Utility 

Tho  TC  analyzer  is  supposedly  designed  to 
operate  with  all  crystal  Impedance  meters  r.pec- 
iJ'lcd  in  paragraph  li. 2.1.1,  MU -C-3098K .  tb 
falls  somewhat  short  of  meeting  this  criterion. 

Shown  in  Figure  U  is  the  T/C  analyzer  and 
TS330/TSM,  requiring  an  adaptor  to  provide 
clearanco  <#f  Cl  meter  controls.  This  may  impose 
no  problem  at  low  frequencies,  but  at  the  higher 
frequoncioo,  correlation  problems  appear  likely 
with  narrow  tolerance  crystal  types.  It  was 
found  ncoossary  to  replace  tho  original  guido 
track®  with  longer  oner,  Increasing  the  trave L 
of  the  carriage  by  2.5  Inches,  to  minimize  the 
length  of  such  adaptor? ,  the  longer  guide  tracks 
make  it  possible  to  connect  an  HC6/U  holder  to 
the  Cl  meter  without  adaptors,  if  the  attractive 
cover  is  removed. 


Whon  the  T/C  analyzer  is  used  with  the 
TS-603/TSM,  an  alinomont  problem  is  oncountercd, 
sec  Figuro  i>.  This  may  promote  n  crack  in  the 
glass  seal.  This  shortcoming  can  bo  corrected 
by  adjusting  tho  height  of  the  carriage  platform. 


Figure  $ 


Many  applications  today  require  tho  AN/fSM- 
l'\  However,  this  circuit  was  never  considered 
in  the  design  of  tho  analyzer.  As  shown  in 
Figure  6,  there  is  no  position  which  will  allow 
t>-n  chamber  to  engage  crystal  units  in  the 
receptacles  of  the  Cl  meter. 


Figure  6 


Chamber  Design 

As  previously  stated,  and  shown  in  figure  2, 
thi.  chamber  will  nccomnclato  the  IIC-6/U  holder. 

A  symmetry  exists  botv.'crn  the  unit  be l nr  tented 
and  the  sensor.  Iloweve'r,  if  an  HC-13/0  were  to 
be  tested,  this  symmetry  would  probably  be  upset, 
causing  erreneons  temperature  characteristics 
to  be  observed. 

The  adaptor  as  illustrated  in  figure  2, 
required  tho  milling  of  a  socket  to  engage  the 
ball  on  the  Inside  wall  of  the  chamber  to  prevent 
its  sliding  the  comnlcte  depth  of  the  chamber, 

,T;n  in  <ler.tiv.-yin  •  the  svmnctrv. 


Figure  7 


Thermal  conductivity  might  be  enhanced  if 
the  adaptor  was  open  only  on  one  end  and  more 
closely  fitted  the  crystal  being  tested,  see 
Figure  7. 

Calibration 

As  with  all  test  equipment  employed  for 
inspection,  the  T/C  analyzer  must  be  maintained 
in  accordance  with  Mil-C-h5662 .  Temperature 
evaluation  of  the  anaLyzer  was  accomplished  by 
placing  a  platinum  resistance  probe,  model  5l»2, 
United  Systems  Corp.,  with  model  522  platinum 
thermometer,  In  the  chamber  cavity  and  tho 
cooling  circuit  energized.  After  about  fifteen 
minutes  to  allow  for  stabilization,  the  temper¬ 
ature  was  recorded  at  about  -35 *G.  At  the 
extreme  upper  temperature  setting  (105®C),  the 
analyzer  was  also  found  to  attain  a  temperature 
of  about  85 *C. 

Contacts  with  other  owners  of  T/C  analyzers, 
and  government  representatives  in  the  field, 
disclosed  ours  was  not  an  isolated  case,  All 
who  were  contacted  experienced  similar  situations. 

Adjusting  Analyzer 

The  temperature  within  the  analyzer  chamber 
cavity  wan  corrected  by  indirect  means. 

Tho  frequency  of  a  10,000  MHz,  CH-19/II  v:aa 
determined  nt  the  end  point  temperatures.  The 
correlation  specimen,  with  platinum  rosiotance 
probe  taped  to  it,  was  placed  inside  a  tempera¬ 
ture  chamber,  model  RH  1100,  Associated  Testing 
Laboratories,  using  a  coaxial,  load,  type  11058U, 
lty'  long,  to  connect  the  unit  to  a  crystal 
impedance  motor,  T5-330/TSM.  After  a  norlod  of 
about  one  hour  of  stabilization  it  -55 *C,  tho 
frequency  wa3  recorded  with  a  digital  recorder, 
model  5050,  Hewlett-Packard.  The  procedure  was 
repeated  at  +105,C.  The  correlation  unit  was 
then  transferred  to  the  chamber  of  the  analyzer 
and  the  temperature  reduced.  The  resistor, 

P-2R,  controlling  the  solenoid,  was  then  adjusted 
until  the  frequency  equivalent  to  that  observed 
at  -55 “C  was  reproduced  and  maintained.  About 
eight,  hours  wore  neconsary  to  accomplish  this 
adjustment. 

Again  at  the  .105*C  sotting,  tho  name  proced¬ 
ure  was  followed,  adjusting  tho  resistor  H29 
controlling  the  heaters  until  tho  previously 
recorded  frequency  was  duplicated.  As  before, 
a  minimum  of  Vj  minutes  was  allowed  to  verify 
each  adjustment.  The  entire  procedure  was 
conducted  for  each  of  the  ten  Intermediate  end 
nolnt  temnerature  settings  (-liO,  -30,  -20,  0, 

10.  20,  liO,  60,  85,  95*0)  possible  with  the 
analyzer. 

After  several  correlation  specimens  were 
evaluated  in  thin  manner,  the  test  position 
satisfied  compliance  to  the  requirements  of 
VI1-C-3098K  and  was  aonroved  by  the  government 
Insnector. 


Subsequent  calibration  as  requred  for  main¬ 
tenance  of  the  equipment  has  been  conducted. 

No  adjustment  to  the  analyzer  circuitry  has  been 
required. 


The  T/C  analyzer  has  been  used  only  in  what  its 
manufacturer  calls  the  recording  mode;  many 
require  a  recorder  of  performance  characteristics. 

The  instruction  manual  for  the.. analyzer 
describes  the  procedure  on  page  12.  The  inst¬ 
ruction  states,  "When  the  low  temp,  lamp  goes 
out,  allow  30  seconds  for  crystal  stabilization". 
This  is  supoosed  to  satisfy  the  requirement  in 
paragraph  h. 7. 8. 3.1,  M11-C-3098E  for  end  point 
frequency  equilibrium  requirements.  In  our 
efforts,  we  have  found  the  crystal  exhibits  a 
frequency  equivalent  to  a  temperature  below  -55°. 

A  minimum  of  two  minutes  (120  seconds)  is 
required  before  the  crystal  exhibits  an  equilibrium 
frequency.  When  allowing  only  30  seconds  for 
equilibrium,  repeatability  is  unattainable, 
likewise,  at  the  upper  end  point  temperature,  the 
crystal  has  not  yet  attained  an  equilibrium 
frequency  when  sensor  is  at  +105°C.  A  minimum 
of  two  minutes  is  required  to  achieve  equilibrium. 

The  equipment  was  used  to  test  crystals  from 
1  to  75  MHz.  Time  required  to  perform  the  tests 
is  shown  in  Table  I. 


No  doubt  the  validity  of  a  2  minute  stabili¬ 
zation  period  is  subject  to  question;  however, 
these  mean  times  were  derived  from  observation 
for  considerably  longer  jieriods.  Each  type  to 
be  tested  should  be  evaluated  accordingly. 

Ascertain  from  these  observations,  the  time 
required  to  test  a  crystal  over  the  range  required 
in  Mil-C-3098E,  -55°C  to  +105°C,  averages  l)j 
minutes,  not  including  the  time  required  to 
place  the  unit  in  the  Cl  mote**  and  the  chamber 
in  position  over  it. 

Conclusion 

The  principles  of  the  test  procedure  of 
Amendment  1,  Mil-C-309 iE .  offer  a  practical 
solution  to  a  vexing  problem,  with  a  few 
modifications,  it  will  suffice  for  qualification 
and  acceptance  testing. 

If  a  specific  piece  of  test  equipment  is  to 
be  included  in  a  specification,  its  utility 
must  be  carefully  analyzed.  The  T  0  analyzer 
when  properly  calibrated,  electronically  complies 
with  the  requirements  of  paragraph  l,.7.h.3.l, 
of  Mil-C-30?8r. .  However,  the.  model  presently 
available  is  not  adaptable  to  all  the  Cl 
meters  included  in  paragraph  u.2.1.1  of  Mil-C- 
})?$£.  As  indicated,  it  exhibits  s*ior t-ominis 
in  this  area.  The  mechanical  desi-’r.  of  this 
equipment  should  be  reviewed. 


TEMPERATURE 

RUN 

MEAN 

TIME 

VALUES 

TYPE 

FREQ 

COOL 

CHAMBER 

ISLrAVC 

I  LOW  TEMP  1 

1  EQUILIBRIUM) 

-1  .  .  i 

TEMP 

RUN 

'  Hi  TEMP 
EQUILIBRIUM 

j 

CRU8  fl/U  tOOOOO  UHi 

i  3 

1.6 

8.7 

2.0 

CR*I9  A/U 

S.OOOOOMMp 

1.2 

2.6 

8.7 

3.0 

CR-J9  A/U 

10.000  WMx  | 

1.2 

|  2.0 

8  72 

2  0 

CR-56A/U 

74  OOO  MHr 

12 

!  .L9  , 

6  75 

1.9 

1  25 

20 

8,75 

20 

14  MIR.  TOTAL 

TIME 

ratio  I 


The  following  modifications  are  suggested  for 
consideration: 

1.  Longer  guide  tracks  to  permit  the  chamber 
to  encapsulate  a  crystal  unit  without  the 
need  for  lead  extension. 

2.  The  adaptors  for  small  crystal  holders  be 
more  carefully  machined  and  their  cavity 

be  only  as  large  as  the  maximum  illustrated 
dimensions  of  the  drawing. 

3.  The  carriage  for  the  chamber  be  modified 
so  that  it  can  be  adjusted  to  aline  with 
the  crystal  receptacle  of  all  Cl  meters. 

The  cover  should  be  designed  so  as  not 
to  interfere  with  this  function. 

To  the  government  agencies  responsible  for 
the  specification,  the  following  recommendations 
are  offered: 

1.  An  operating  procedure  be  supplied  to  all 
field  representatives  responsible  for 
certifying  these  tests. 

2.  Include  in  the  procedure  minimum  times 
for  stabilization  at  the  end  point  temp¬ 
eratures;  2  minutes  are  suggested  at  each 
temperature. 

3.  Require  equipment  manufacturers  whose 
products  are  referenced  in  military 
specifications,  to  comply  with  the  sane 
calibration  and  quality  control  procedures 
required  of  crystal  manufacturers. 

It  is  sincerely  hoped  this  analysis  will 
contribute  to  clarification  of  paragraph  U.7.U.3.1, 
M11-C-3098E,  and  a  standard  procedure  for  testing 
crystals  over  a  temperature  range. 


Blblography 

1.  Military  Specification,  Crystal  Units,  Qnartz, 
General  Specification  for,  M11-C-309SE,  amendment 

1,T  '31  July,  196'S.,  p.fT~^ 

2.  Instruction  and  Operating  Manual  for  Model 
TCA  1676, "T/C  Analyzer,  Winslow  Tele-tronlcs,  Inc. 
Asbury  Park,  tf.J./p.  12, 

3.  Rennet,  Roger  E.,  Manufacturing  Guide  for 
"AT"  Typo  Units,  Union  Thermoelectric  Division 
"Comptometer  Corporation,  Riles,  Illinois,  196 
p.  91. 


127 


ANOMALOUS  VIBRATIONS  IN  AT-CUT  PLATES 


Isaac  Koga 

Research  Laboratory,  Kokusai  Donshin  Denva  Co. 
(japanis  Overseas  Radio  and  Cable  System) 
Nahi-aeguro,  Tokyo,  Japan 


Summary 


Some  of  the  foreign  vibrations  in  an  AT-Cut 
quartz  plate  absorb  the  energy  of  the  principal 
vibration  in  such  a  way  that  the  higher  the 
drive  level  of  the  principal  vibration,  the 
greater  the  absorption  by  the  foreign  vibration 
when  the  frequencies  of  both  vibrations  coincide 
at  a  certain  temperature.  These  phenomena, 
called  activity  dips  in  the  United  States,  were 
investigated  in  the  following  way.  In  a 
rectangular  shape  AT-Cut  pla‘e,  of  which  one 
side  was  made  perpendicular  to  an  electric  axis 
of  quartz,  one  of  the  overtone  frequencies  of 
the  longitudinal  vibration  in  the  direction  of 
electric  axis  (say,  X-vibration)  was  adjusted  to 
become  practically  equal  to  that  of  the 
principal  thicknees-shear-floxural  vibration. 
Then,  although  a  coupling  between  the  two 
vibrations  seemed  to  be  almost  zero,  an  activity 
dip  was  clearly  observed  in  the  principal 
vibration  at  a  certain  temperature  when  the 
latter  was  driven  at  a  certain  level,  and  the 
higher  the  drive  level  of  the  principal 
vibration  beyond  that  level,  the  greater  the 
activity  dip.  Thus  the  so  called  activity  dips 
were  artificially  realized. 

The  mechanism  of  the  activity  dips  is 
understood  as  follows.  In  case  when  the  drive 
level  of  the  principal  vibration  is  small,  the 
friction  loss  for  the  X-vibration  is  large 
enough  to  prevent  the  starting  of  X-vibration, 
but  when  the  drive  lovol  of  the  principal 
vibration  is  beyond  a  certain  level,  the 
friction  loss  for  the  X-vibration  becomes  so 
small  that  the  X-vibration  can  start  by 
absorbing  the  energy  of  the  principal  vibration. 
A  series  of  experiments  were  performed  to  verify 
this  interpretation. 


Introduction 

As  is  well  known,  the  principal  vibration 
of  a  crystal  la  coupled  loosely  or  closely  with 
many  other  foreign  vibrations,  and  vhenevor  the 
frequency  of  a  foreign  vibration  is  coincident 
with  that  of  the  principal  vibration  at  a 
certain  temperature,  the  energy  of  the  latter  is 
absorbed  by  the  former.  Therefore  in  a  vacuum 
tube  oscillator,  consisting  of  such  a  plate  as  a 
frequency  control  element,  the  output  of  tho 
oscillator  dips  and  tho  frequency  changes  in  a 
complicated  way.  However,  sometimes  a  foreign 
vibration  absorbs  tho  energy  of  the  principal 
vibration  only  when  the  amplitude  of  the  latter 
is  beyond  a  certain  level.  These  phenomena, 
which  are  called  activity  dips  in  the  United 
States,  were  found  in  1950,  nearly  twenty  years 


ago,  by  one  of  the  collaborators  of  the  writer. 
He  found  that  the  frequency-temperature 
characteristics  of  a  crystal  oscillator  were  not 
necessarily  similar  when  D.C.  anode  voltages  of 
tho  oscillato^uere  considerably  different. 

Artificial  Activity  Dina 

After  a  series  of  experiments  thereafter  the 
writer  eventually  understood  that  these  activity 
dips  were  due  to  the  fact  that  the  larger  the 
amplitude  of  the  principal  vibration,  the 
smaller  tho  friction  loos  aginst  tho  foreign 
vibrations.  To  verify  this  interpretation  the 
writer  prepared  a  rectangular  shape  AT-Cut 
plate,  the  thickness  and  frequency  of  the 
principal  (thickness-shear)  vibration  being 
about  0.53  mm  and  3.1458  MHz  respectively,  and 
the  size  of  the  plate  being  about  19-06x26.00 
(mm),  and  the  shorter  sids3  of  the  plate  being 
made  parallel  to  one  of  the  electrical  axvs  of 
quartz  (Fig.  l).  This  shorter  sides  were  finely 
adjusted  so  that  the  21st  harmonic  overtone 
frequency  of  the  longitudinal  vibration  was 
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FIG,  1  -  Dimensions  of  crystal 
plate  under  investigation 


FIG,  2  -  Printed  elec  - 
trode  for  the  excitation 
of  X-vibration. 

equal  to  the  frequency  of  th*  principal 
vibration.  Thia  frequency  adjustment  was 
performed  in  the  following  procedure.  A  pair  of 
printed  electrodes  vers  prepared  (Fig.  2),  so 
that  an  electric  field  in  the  direction  of 
electric  axis  was  applied  alternately  in  the  same 
and  opposite  senses  respectively  to  every  l/21 
part  of  the  plate.  The  response  frequency,  that 
is,  the  21st  harmonic  overtone  frequency  of  the 
longitudinal  vibration  along  the  shorter  sides 
(say  "X-vibration"  briefly)  VBS  adjusted  t.o 
become  very  nearly  equal  to  the  frequency  of 
principal  vibration  by  carefully  reducing  the 
length  of  th#  shorter  sides.  According  to  the 


-  1. 


general  understanding  the  X-vibration  aeena  to 
hare  no  coupling  with  the  prinoipal  vibration, 
but  a  remarkable  activity  dip  and  a  complicated 
frequency  change  were  obaerved  at  a  certain 
temperature  when  the  plate  vaa  driven  beyond  a 
certain  level  as  the  frequency  control  element  in 
an  oscillator.  In  case  when  the  drive  level  vaa 
made  still  higher,  hyatereaes  were  obaerved  both 
in  activity  dip  and  frequency  change  (Fig.  3). 


FIGURE  3-  Grid  leak  (direct)  current  and  frequency  o(  e 
crystal  oscillator  vs  ambient  temperature  o'  crystal  at  to 
various  drive  level 

In  order  to  couflrm  that  thia  energy 
absorbing  vibration  vaa  certainly  the 
X-vibration,  the  frequency -temperature 
coefficient  of  this  foreign  vibration  waa 
measured  and  compared  with  that  of  the 
X -vibration  which  waa  determined  direotly  by 
means  of  the  arrangement  already  shows  in  Fig.  2. 
To  measure  the  frequenoy-temperature  coefficient 
of  an  energy  absorbing  vibration,  the  oscillator 
frequency  was  shifted  to  borne  extent  by  adjusting 
the  circuit  constants,  and  found  anew  the  temper- 
ature  where  the  activity  dip  occurred  again 
(Fig.  4). 


Impedance,  va  Temperature  at  Various  Drive  Level 

Next,  in  order  to  know  the  mechanism  how  and 
why  the  X-vibration  would  play  a  role  of  energy 
absorbing  source,  the  impedance  vs  temperature  at 
a  fixed  frequency  (3,145,312  Hz,  or  the  natural 
frequency  of  the  prinoipal  vibration  at  35* c)  was 
observed  by  taking  crystal  '  urrent  aa  parameter 
(Fig.  5).  It  was  noticed  that,  while  the 
impedance  was  always  leas  than  30  Ohms  in  the 
temperature  range  from  37“  C  to  40*C  at  a  crystal 
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FIGURE  4-  Determination  ©I  iKe  frequency  temperature  coefficient 
of  an  energy  #  be  orbing  foreign  vlbteltOfl 
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P1GUM  1’  Crytul  impedance  n  emblem  temperature  at  vert  one  drive 
level 
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figure  6-  Enormous  impedance  Ikmcm  at  evening  current* 
above  0. 0  r.iA 


current  leas  than  6.0  mA,  it  Increased  up  to 
about  1  Kilo-Ohms  at  6.2  mA  and  to  about  4.5 
Kllo-Ohas  at  7-°  *A  (Fig.  6).  Thia  aaana  that 
ths  increase  of  the  excitation  of  prinoipal 
vibration  significantly  causes  the  rtduotion  of 
frictional  loss  for  the  X-vibration. 


Hysteresis  was  tgain  observed  in  impedanco 
vs  ambient  temperature.  This  relation  can  be 
explained  as  follows.  Since  the  relation  between 
the  principal  and  the  X -vibration  may  be 
illustrated  by  means  of  an  equivalent  circuit 
shown  in  Pig.  7.  and  actually  the  frequency  of 
the  principal  vibration  is  independent  of 
temperature  while  the  frequency  vs  temperature 
is  linear  for  X-vibration,  the  impedance  regarded 
from  the  electrodes  for  crystal  changes  aa  shown 
by  Curve  (l)  in  Pig  8.  Therefore  if  the  crystal 
is  driven  by  a  constant  current,  the  ohmic  loss 
or  the  heat  generation  in  the  crystal  vs  crystal 
temperature  is  similar  to  Curve  (l). 

Accordingly,  the  input  impedance  vs  ambient 
temperature  will  incline  leftwards  as  shown  by 
Curve  (2)  in  Pig.  8.  Thus  the  impedance  will 
actually  change  as  indicated  by  arrows. 


Reduction  of  Prlctlon  Loss  for  X-vibratlon 


The  reduction  of  friction  loss  for  the 
X-vibration  seems  to  be  due  to  the  following 
reasons.  As  has  already  been  explained  in  the 
previous  paperjl)  the  principal  (thicbnesa- 
shear)  vibration  of  a  rectangular  AT-Cut  plate  is 
accompanied  by  displacements  in  the  thickness 
direction  (Pig.  9).  Therefore,  if  the  plate, 
placed  botween  two  horlsontal  plane  electrodes, 
is  excited,  it  is  tossed  up  from  the  lower 
electrode.  This  fact  was  easily  recognised  by 
observing  the  shifting  of  interference  fringes 
produced  by  a  projected  light  on  a  transparent 
electrode,  which  is  used  for  anothor  eleotrode 
and  placed  over  the  plate  leaving  a  very  small 
gap  between  them. 

Thus  it  is  understood  that,  if  the  amplitude 
of  the  principal  vibration  is  smaller  than  a 
critical  value,  the  friction  between  the 
electrode  and  the  plato  is  large  enough  to  clamp 
the  motion  of  the  X-vibration,  but  if  the 
amplitude  of  the  principal  vibration  is  beyond  a 
certain  critical  value,  the  X-vibration  will 
start  at  a  certain  temperature,  and  the  larger 
the  amplitude  of  the  former,  tho  larger  will  be 
that  of  the  latter. 
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FIGURE  7  -  Equivalent  electrical  circuit  of  a  crystal 
representing  anomalous  vibration 


FIGURE  S-  Crystal  impedance  vs  crystal  temperature  and 
ambient  temperature 
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FIGURE  9  -  Vertical  displacements  of  the  crystal  associated  with 
its  thickness -shear  vibration 
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Behavior  of  Plato  in  an  Oscillator  Circuit 


When  this)  crystal  is  used  as  a  frequency 
control  unit  in  an  oscillator  circuit,  it 
vibrates  at  a  frequency  that  makes  itself  zero- 
reactance  at  its  terming Is.  Since  the  equivalent 
electric  circuit  can  be  represented  as  shown  in 
Fig.  7,  the  zero-reactance  frequency  will  be 
displayed  as  shown  in  Fig.  10.  It  is,  therefore, 
easily  seen  that  in  case  when  the  resistance  R3 
in  the  secondary  circuit,  or  the  friction  for 
the  X-vibration  is  small  to  a  certain  extent,  a 
hysteresis  will  occur  in  the  frequency  vs 
temperature  as  indicated  by  arrows. 

Figure  11  shows  the  total  resistance  of 
crystal  at  its  zero-reactance  frequency.  As  is 
clearly  seen  from  this  figure,  the  smaller  the 
resistance  Rj  of  the  secondary  circuit,  the 
larger  the  total  resistance  at  the  terminals. 

In  practical  cases,  if  the  temperature  is  changed 
of  a  crystal  driven  at  a  certain  amplitude  in  an 
oscillator  circuit,  the  total  resistance  of  the 
crystal  will  start  to  increase  at  a  certain 
temperature.  This  increase  of  resistance  will 
cause  the  amplitude  to  decrease,  in  other  words, 
will  give  activity  dip.  However,  on  the  other 
hand,  thi3  decrease  of  amplitude  will  prevent 
from  tho  increase  of  total  resistance,  so  the 
amplitude  of  vibration  will  come  to  an 
equilibrium  point.  Thus  the  amplitude  of 
vibration,  represented  by  grid  leak  D.C.,  changes 
as  shown  in  Fig.  3* 

In  conclusion,  it  is  almost  needless  to  say 
that  actually  the  similar  phenomena  are  also  very 
often  observed  in  case  when  crystal  plates  are 
wire-mounted.  The  behavier,  though,  is  naturally 
more  complicated. 
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COMPARISON  OF  AGING  PERFORMANCE  OF  5  MHz  RESONATORS 


PLATED  WITH  VARIOUS  ELECTRODE  METALS 


Richard  B.  Belser  and  Walter  H.  Hicklin 
Georgia  Institute  of  Technology 


Sunmary 

AT-cut  plano-convex  resonators  of  S  MHz  fre¬ 
quency  have  been  plated  with  various  electrode 
materials  including  standard  configurations  of 
gold,  silver,  copper,  aluminum,  and  selected  bi¬ 
metal  layers,  or  with  annular  configurations. 

These  resonators  have  been  compared  as  to  aging 
performance  over  periods  of  180  to  730  days. 
Placing  was  performed  in  an  oil-free  system  at 
pressures  in  the  range  10'^  to  10“®  Torr.  Bond¬ 
ing  was  by  the  ultrasonic  method.  Sealing  was 
performed  in  cold-weld  containers,  HC-6/U  or  Bli¬ 
ley  E7-1  types,  after  extended  pumping  and  bakeout 
times  at  selected  temperatures  up  to  450°  C  and  at 
pressures  in  the  range  10"^  to  10"?  Torr. 

Resonators  of  excellent  aging  performance 
have  been  obtained  with  electrodes  of  copper,  sil¬ 
ver,  aluminum,  and  gold.  Resonators  of  all  plat¬ 
ing  types  have  displayed  an  initial  aging  rate 
>  1  x  10~®/week,  Within  3  weeks  the  rate  may  de¬ 
crease  to  <  1  x  10-9/week  and  may  approach  5  x 
10_1(Vweek  within  60  days  with  a  high  yield  of  ac¬ 
ceptable  units.  Bakeout  periods  up  to  24  hours  at 
400°  C  followed  by  sealing  at  this  temperature 
have  not  necessarily  improved  either  initial  aging 
or  the  subsequent  aging  performance.  Even  for 
units  with  gold  electrodes  or  annular  electrodes, 
after  extended  bakeouts,  strong  positive  initial 
aging  vectors  are  present;  and  it  appears  that 
some  negative  vectors  which  are  normally  present 
have  been  remaved  or  else  new  positive  ones  have 
been  added.  Resonators  baked  for  shorter  periods 
at  lower  temperatures  frequently  gave  better  total 
aging  performance.  Temperature  cycling  experi¬ 
ments  for  aging  retrace  data  by  oven  cut-off  for 
48  hours  and  subsequent  restart  have  not  pointed 
to  adsorption-desorption  phenomena  as  being  the 
principal  aging  vectors  encountered  here.  Mount¬ 
ing  strain  has  also  been  essentially  eliminated. 
Effects  within  the  quartz  or  related  to  the  quartz 
film  interface  are  pointed  to  by  the  process  of 
elimination. 

Investigations  bv  an  electron  microprobe 
x-ray  analyzer  and  neutron  activation  analysis  in¬ 
dicate  diffusion  of  gold  into  the  quartz  to  a 
depth  of  one  micron  or  more  under  clean,  high- 
temperature  processing  conditions.  Strain  and 
mass  transfer  thus  occur  in  a  layer  near  the 
quartz  surface.  Copper  and  aluminum  were  found  co 
have  penetrated  to  lesser  depths.  Reduction  m 
the  metal  transler  at  the  interlace  is  expected  to 
give  improved  aging  performance  with  a  high  yield 
of  units  aging  -  n  If'^/week. 


Introduction 

The  wafers  used  for  the  experiments  to  be  de¬ 
scribed  were  5  MHz  fundamental  of  natural  quartz 
one-half  inch  in  diameter.  The  shape  was  plano¬ 
convex  with  a  2.5  diopter  curvature. 

All  electrode  plating  operations  were  done  by 
evaporation  in  an  oil-free  vacuum  system  using  a 
combination  of  ion  and  titanium  sublimation  pump¬ 
ing.  Pressures  in  the  10“®  Torr  range  were  easily 
obtained  without  extended  bakeout. 

The  HC-6  type  cold-weld  holders  were  evacu¬ 
ated  and  baked  before  sealing  using  a  similar  vac¬ 
uum  system.  Pressures  in  the  sealing  chamber  of 
about  10"6  Torr  were  obtained  during  bakeout  ini¬ 
tially.  A  subsequent  modification  of  the  chamber 
and  system  lowered  the  pressure  to  about  1  x  10"^ 
Torr.  The  bakeout  temperature  was  monitored  by 
means  of  a  thermocouple  in  contact  with  the  cold- 
weld  die.  The  thermocouple  voltage  was  used  as  a 
reference  to  control  the  temperature  of  the  bake¬ 
out  oven  which  was  external  to  the  vazuum  cham¬ 
ber  to  maintain  it  at  the  desired  temperature. 
Fail-safe  controls  made  possible  extended  bakeout 
periods  during  which  the  equipment  could  operate 
unattended.  Sealing  was  normally  done  while  the 
units  were  at  the  bakeout  temperature.  All  of  the 
aging  measurements  were  made  at  85°  C. 

Typical  Aging  Characteristics 
1 .  Aluminum-Plated  Units 

Two  characteristic  aging  trends  were  ob¬ 
served.  Figure  1  shows  a  typical  aging  curve  for 
a  unit  baked  60  minutes  at  125°  C.  A  unit  of  the 
same  group  baked  120  minutes  at  125°  C  aged  as 
shown  in  Figure  2.  However,  increasing  the  bake¬ 
out  time  and  temperature  to  22  hours  at  350°  C 
either  activated  the  alumina  surface  or  caused  a 
reaction  at  the  quartz-aluminum  interface  result¬ 
ing  in  the  aging  behavior  shown  in  Figure  3. 

Early  in  the  program  a  weakness  was  discov¬ 
ered  in  aluminum-plated  resonators.  They  aged 
very  poorly  at  low  temperatures.  Units  which  aged 
•-  1  pplO'^/week  at  85°  C  aged  '■  1  ppl0®/week  m  a 
negative  direction  at  45°  C.  fins  observed  aging 
behavior  thus  supported  the  theory  that  the  prin¬ 
cipal  aging  mechanism  of  aluminum-plated  units  is 
due  to  gas  adsorption  bv  the  electrodes  since  ad¬ 
sorption  is  known  to  be  inverse  In  related  to  tem¬ 
peratures  . 


2.  Copper-Plated  Units 

Some  of  the  best  units  with  respect  to  aging 
have  been  ones  plated  with  copper.  Figure  4  dis¬ 
plays  data  for  a  good  copper-plated  resonator. 

This  unit  was  evacuated  and  baked  22  hours  at 
250°  C  before  sealing.  The  aging  rate  of  this 
unit  was  essentially  zero  for  a  23  week  period. 
Copper  thermocouple  wire  or  high  purity  was  used 
to  plate  the  unit  data  for  which  are  shown  in  Fig¬ 
ure  4.  A  later  group  of  units  was  plated  with 
copper  from  another  source  and  the  aging  data 
shown  in  Figure  5  were  obtained.  A  spe'  trographic 
analysis  showed  the  second  copper  specimen  to  be 
of  lower  purity  than  the  first  and  that  it  con¬ 
tained  about  100  ppm  each  of  iron  and  aluminum. 

3.  Silver-Plated  Units 

All  of  the  silver-plated  units  studies  had  an 
undercoat  of  evaporated  chromium.  Thus,  the  aging 
rates  were  probably  not  tlooe  which  would  have  been 
obtained  by  silver  alone. 

Resonators  plated  with  the  chromium  plus  sil¬ 
ver  combination  failed  to  develop  a  consistent  and 
predictable  aging  pattern.  For  example,  unit 
32-2,  the  data  for  which  are  shown  in  Figure  6, 
was  an  excellent  crystal.  Unit  32-4  on  the  other 
hand  aged  as  shown  in  Figure  7.  The  reason  for 
the  difference  in  the  behavior  of  the  two  resona¬ 
tors  cannot  be  explained  satisfactorily  at  this 
time;  the  two  crystal  wafers  were  plated  at  the 
same  time  and  baked  out  for  the  same  time  and  tem¬ 
perature  before  sealing.  The  negative  aging  pat¬ 
tern  for  32-4  appeared  to  predominate  among  the 
units  of  group  No.  32,  however. 

4.  Units  Final  Plated  with  Electroplated-Nickel 

Resonators  plated  with  Cr  +  Au  and  with  Cr  + 
Ag  were  electroplated  with  nickel  as  the  final 
plating  step.  A  study  of  the  effect  of  this  ac¬ 
tion  was  made  since  frequency  adjustment  by  elec¬ 
troplating  nickel  is  commonly  used  in  the  indus¬ 
try.  Unit  29-2  base-plated  with  Cr  +  Au  was 
plated  with  nickel  using  a  Watts  plating  solution. 
The  plate  back  was  3277  Hz.  The  aging  of  the  unit 
after  bakeout  and  sealing  is  shown  in  Figure  8. 

Hie  very  high  Initial  aging  is  typical  of  units 
plated  with  electroplatod-nickel  and  is  due  to  re¬ 
laxation  of  the  strain  inherent  in  such  films.  *■ 
Unit  31-2,  base-plated  with  Cr  +  Ag,  was  nickel- 
plated  in  the  same  manner  as  unit  29-2.  The  re¬ 
sulting  aging  data  are  shown  in  Figure  9.  Ihe  ad¬ 
dition  of  nickel-plating  to  Cr  +  Ag  base-plating 
improved  the  performance  of  the  units  over  those 
plated  with  Cr  +  Ag  alone.  The  aging  behavior  was 
consistent  and  predictable  with  aging  rates  after 
60  days  in  the  range  of  a  few  parts  in  loVweek 
fairly  common, 

5.  Cold-Plated  Units 

Much  of  the  work  in  the  research  discussed 
has  been  devoted  to  improving  the  aging  perform¬ 
ance  of  gold-plated  units. 


Units  plated  with  single  films  of  gold  and 
baked  out  for  only  one  hour  at  125°  C  usually  aged 
in  a  manner  similar  to  that  shown  in  Figure  10. 
Increasing  the  bakeout  temperature  from  125'  C  to 
250°  C  gave  no  improvement  in  the  aging  rate  as 
shown  in  Figure  11,  but  rather  increased  it. 

Since  gold  has  poor  intrinsic  adherence  to 
quartz  a  number  of  units  were  base-plated  with 
Cr  +  Au.  Aging  as  shown  in  Figure  12  was  typical 
of  these  units  when  baked  out  for  no  more  chan  2 
hours  at  200°  C. 

The  gold-plated  resonators  discussed  thus  lar 
were  baked  out  in  the  unmodified  vacuum  baking 
system.  Pressures  were  about  1  x  10"^  Torr  during 
bakeout. 

The  earlier  experiments  with  gold-plated 
units  were  repeated  after  the  mod  ideations  of  the 
system  were  made  to  give  lower  bakeout  pressures 
and  long  bakeout  times.  Figure  13  shows  data  tor 
a  typical  Au  plated  unit  having  Cr  +  Au  bonding 
tabs  and  single  layer  gold  electrodes.  Here  the 
bakeout  time  was  22  hours  at  350°  C.  The  Cr  +  Au 
bonding  tabs  were  used  to  improve  the  ultrasonic 
bonding  properties  and  were  well  removed  from  the 
most  active  region  of  the  quartz.  Thus  they  are 
not  believed  to  contribute  in  any  large  degree  to 
the  observed  aging.  Unit  34-1  base-plated  with 
Cr  +  Au  gave  the  data  shown  in  Figure  14.  Here 
again  the  initial  aging  was  highly  positive. 

Unit  41-3  was  evacuated  for  70  hours,  over 
one  weekend,  and  then  sealed  without  a  bakeout. 

The  aging  rate  of  this  unit  after  120  days,  as 
shown  in  Figure  15,  was  only  slightly  greater  than 
units  of  the  same  series  which  were  baked  in  vacu¬ 
um  before  sealing. 

As  we  improved  our  fabrication  capability  and 
techniques  to  include  a  lower  bakeout  pressure  at 
longer  times  and  higher  temperatures  the  initial 
positive  aging  of  gold-plated  units  became  greater 
although  the  final  rates  were  sometimes  improved. 
This  action  could  either  be  due  to  the  removal  of 
negative  aging  effects  or  to  the  addition  of  ones 
causing  positive  aging  or  some  combination  there¬ 
of. 

All  of  the  units  discussed  thus  far  were 
mounted  in  tab  clips  and  ultrasonics lly  bonded 
using  aluminum  foil  spot-welded  to  the  clip.  A 
series  of  experiments  were  undertaken  in  winch  the 
gold-plated  wafer  was  supported  at  only  one  point, 
the  bottom;  this  was  accomplished  by  means  of  a 
slot  (or  hook)  mount  spot-welded  to  the  HC.-6  base 
to  which  the  wafer,  positioned  in  the  slot,  was 
cemented  with  a  very  small  portion  of  Duramic  ce¬ 
ment  (non-conducting).  The  foil  leads  were  then 
welded  to  the  prepared  bonding  sites  of  Cr  +  Au. 
Thus  the  wafer  is  very  nearly  strain-free,  its 
weight  being  supported  by  the  single  slot  mount. 
The  possibility  of  flexing  or  bending  due  to  poor 
tab  clip  alignment  was  removed  and  other  undesira¬ 
ble  forces  reduced  to  a  minimum.  Typical  aging  ot 
a  unit  of  this  type  is  shown  in  Figure  16,  Sinct 


Che  aging  was  not  improved,  the  positive  aging  of 
gold-plated  units  must  not  be  caused  by  mounting 
strain  to  any  appreciable  degree. 

After  the  research  discussed  it  appeared  that 
a  reduction  of  the  initial  high  positive  aging 
rate  of  gold-plated  units  and  the  subsequent  mod¬ 
erately  high  one  was  not  to  be  found  by  improving 
the  vacuum,  increasing  bakeout  temperature,  or  re¬ 
ducing  mounting  strain,  In  fact,  each  change  de¬ 
signed  to  reduce  the  aging  rate  seemed  to  increase 
the  initial  rate  without  particular  benefit  at  the 
end  of  a  three-month  period. 


Frequency  Retrace  Studies 


Frequency  "retrace"  studies  were  made  by 
first  establishing  an  aging  rate  for  a  selected 
unit  at  a  selected  temperature.  The  oven  control¬ 
ling  the  crystal  temperature  was  then  turned  off 
for  a  period  of  time.  The  frequency  "retrace"  was 
the  subsequent  aging  performance  of  the  unit  after 
the  oven  had  been  returned  to  the  original  oper¬ 
ating  temperature. 


Byrne  and  Hoksnson^  have  shown  that  resona¬ 
tors  baked  out  at  low  temperatures  essentially 
"retraced"  the  original  aging  curve.  Those  baked 
out  at  high  temperatures  exhibited  only  small  fre¬ 
quency  shifts  and  after  restart  returned  to  the 
previously  established  aging  slope  very  quickly. 


The  time  for  a  crystal  unit  to  return  to  its 
original  aging  rate  after  oven  restart  is  consid¬ 
ered  to  be  an  indication  of  the  quality  of  the 
fabrication  process  employed.  The  shorter  the 
time,  the  better  the  process. 


Frequency  retrace  studies  were  made  in  this 
work  by  turning  the  ovens  off  at  1600  hours,  wait¬ 
ing  48  hours,  and  then  turning  them  back  on.  The 
oven  was  then  allowed  16  hours  to  return  to  the 
operating  temperature  of  85°  C  before  reaging 
measurements  were  started. 


Typical  retrace  aging  for  a  unit  plated  with 
Cr  +  Au  electrodes  is  shown  in  Figure  17.  The 
first  frequency  measurement  after  oven  restart  was 
exactly  on  the  projected  aging  curve.  Subsequent 
measurements  deviated  but  slightly  from  the  pro¬ 
jected  track  due  probably  to  small  oven  tempera¬ 
ture  fluctuations. 


The  most  obvious  retrace  aging  obtained  for 
any  of  the  units  studied  was  for  unit  38-5,  a  cop¬ 
per-plated  unit  with  Ti  +  Au  bonding  tabs.  The 
retrace  data  are  illustrated  in  Figure  13.  Note 
that  the  unit  was  given  a  21  hour  bakeout  at  250cC 
then  backfilled  to  100  um  with  nitrogen  while 
still  hot  before  sealing. 


Studies  of  the  Diffusion  of  the 
Metal  Electrodes  Into  the  Quartz 

An  electron  microprobe  x-ray  analyzer*  was 


* 


Acton  Model  MS- 64. 


available  at  Georgia  Tech  and  studies  were  begun 
about  1  February  1969  to  determine  if  the  elec¬ 
trode  metal  diffused  into  the  quartz  during  plat¬ 
ing,  bakeout  and  subsequent  operation  at  the 
aging  temperature. 

The  electron-microprobe  is  a  device  designed 
to  analyze  the  chemical  composition  of  a  solid 
material  by  using  the  solid  as  the  target  of  a 
precisely  focused  electron  beam.  The  x-rays  from 
the  solid  are  diffracted  from  a  suitable  crystal 
and  analyzed  according  to  wavelength  and  count 
rate.  The  detector  is  a  gas-flow  proportional 
counter.  The  count  rate  at  an  establishec  voltage 
for  a  specific  wavelength  is  proportional  to  the 
amount  of  a  given  element  in  the  material  under 
examination.  The  electron  spot  size  can  be 
varied.  However,  a  spot  50  pm  in  diameter  was 
used  for  our  work  to  give  a  more  representative 
sampling  of  the  material.  The  penetration  of  the 
beam  into  the  quartz  plates  was  about  3  pm  at 
20  kv.  Thus  the  composition  of  the  surface  zone, 
rather  than  that  of  the  bulk  material,  was  re¬ 
vealed.  The  electron  beam  parameters  used  were 
20  kv  at  0.3  pa.  Counts  at  selected  sites  on  the 
quartz  wafer  were  taken  for  10  seconds;  heating 
effects  with  the  large  beam  cross-section  were 
minimal. 

The  first  units  selected  for  study  were  about 
4  years  old.  They  had  been  aged  at  85°  C  for  at 
least  2  years  and  then  stored  at  room  temperature. 
The  wafers  were  removed  from  the  KC-27/U  holders 
and  the  gold  electrodes  stripped  using  ultra- 
sonically  agitated  aqua  regia.  No  visible  traces 
of  the  electrodes  were  seen  on  the  polished  quartz 
wafers  after  stripping.  The  wafers  were  then  ex¬ 
amined  using  the  microprobe  as  follows:  (1)  an 
average  background  count  at  the  edge  of  the  wafer 
where  no  gold  had  been  deposited  was  obtained  (5 
sites  were  counted);  (2)  an  average  gold  count  at 
10  randomly  selected  sites  in  the  previously  elec- 
troded  area  was  made.  The  wafer  was  then  etched 
10  minutes  and  re-examined  with  the  probe  in  the 
nanner  described.  The  examination  and  etch  steps 
were  continued  until  the  gold  count  in  the  elec¬ 
trode  region  reached  the  background  level,  the 
limit  of  detection.  The  frequency  of  the  wafer 
was  measured  after  stripping  the  electrode  and 
after  each  etching  step.  The  etch  rate  was  cal¬ 
culated  to  be  about  200  A/minute  using  a  saturated 
solution  of  ammonium  bifluoride  as  the  etchant. 
Figure  19  shows  the  result  of  the  experiment.  Ten 
thousand  angstroms  of  quartz  were  removed  from  the 
evaporated  gold-plated  unit  (No.  2-5)  before  the 
gold  count  reached  the  background.  The  amount  of 
quartz  removed  from  the  sputtered  gold  unit  was 

8000  A. 

A  unit  plated  with  aluminum  was  similarly 
studied  after  relieving  the  electrode  with  11C1. 

The  data  obtained  are  shown  in  Figure  20.  Here 
7000  A  of  quartz  was  removed  belore  the  background 
level  was  reached.  The  Initial  count  before  etch¬ 
ing  was  about  three  times  tl  .  background  count,  ap¬ 
proximately  the  same  as  for  the  gold-plated  units. 
The  data  presented  above  and  in  the  following  1  lg- 
ures  are  semi-quantitative  -.n  that  the  relative 


proportion  of  the  material  present  in  the  bom¬ 
barded  zone  is  reflected  by  the  count  for  the  ma¬ 
terial  at  constant  electron  beam  parameters.  More 
precise  quantitative  calculations  were  not  at¬ 
tempted  in  the  initial  work.  There  is  no  direct 
relation  between  the  amount  of  gold  and  aluminum 
in  the  quartz  matrix  based  upon  the  count  rate. 
However,  quantities  of  these  materials  in  the  bas¬ 
ic  quartz  were  determined  by  neutron  activation 
analyses  of  several  specimens  and  are  discussed 
near  the  end  of  this  paper. 

Two  copper-plated  units  were  treated  with 
HNO3  to  remove  the  copper  and  examined  with  the 
microprobe  for  the  presence  of  copper  before  and 
after  successive  etching.  The  penetration  depth 
of  copper  into  quartz  was  found  to  be  higher  for 
the  unit  baked  20  hours  at  3504  C  than  for  the 
unit  sealed  without  bakeout  as  illustrated  by  Fig¬ 
ure  21. 

As  a  final  experiment  two  wafers  of  polished 
quartz  were  cleaned  and  plated  on  one  side  only 
with  1500  A  of  evaporated  gold  while  at  a  sub¬ 
strate  temperature  of  200°  C.  One  of  the  wafers 
(Au-2)  was  then  vacuum-baked  24  hours  at  300°  C. 
Both  wafers  were  stripped  and  microprobe  studies 
made.  The  results  of  this  study  are  illustrated 
in  Figure  22.  The  depth  at  which  gold  was  found 
in  the  quartz  was  very  similar  for  the  two  units, 
about  5000  A,  indicating  that  a  considerable  pene¬ 
tration  of  the  quartz  occurred  during  the  plating. 

Neutron  activation  analyses  of  the  wafers, 
the  electrode  diffusion  data  which  were  presented 
in  Figures  19  and  20  were  made  after  the  etching 
had  been  completed.  In  addition,  two  unplated  and 
unetched  wafers  were  also  selected  for  study.  The 
results  are  shown  in  Table  1.  The  bulk  rather 
than  the  surface  analysis  of  the  quartz  is  pre¬ 
sented  by  this  method.  Note  especially  the  rela¬ 
tively  large  amount  of  gold  in  the  wafer  previous¬ 
ly  coated  with  sputtered  gold.  The  total  aging 
and  final  aging  rate  of  sputtered  gold  wafers  was 
higher  Chan  that  obtained  for  evaporated  gold. 

Table  1 

Neutron  Activation  Analysis  of  Quartz  Samples 


Wafer 

No. 

Placing 

Elements  Pres 
_ (ppm) _ 

ent 

Au 

Al 

Cu 

No.-l 

none 

0.01 

101 

<0.10 

No  .-2 

none 

<0.01 

62 

'0.10 

8-13 

Sp.  Au 

0.11 

92 

<0. 10 

2-5 

Evap.  Au 

0.008 

94 

<0.10 

1-1 

Evap.  Al 

0.05 

90 

0.S3 

It  appears  that  the  positive  aging  of  gold- 
plated  units  may  be  caused  in  part  by  the  relief 
of  the  stress  created  by  the  diffusion  of  the  gold 
into  the  quartz.  Whether  a  shift  of  mass  or  a 
change  in  the  elastic  constants  at  or  near  the 
quartz  surface  is  likewise  partially  responsible 
has  not  been  determined.  It  would  be  desirable  to 
deposit  a  barrier  on  the  quartz  surface  to  block 
the  diffusion  of  the  electrode  metal  into  the 
quartz.  However,  a  suitable  barrier  material  must 
first  be  selected  and  carefully  evaluated  to  prove 
its  merit. 

We  have  barely  "scratched  the  surface"  with 
these  studies  of  the  diffusion  of  the  electrode 
metal  into  the  quartz  wafer.  However,  the  pur¬ 
suit  of  similar  studies  may  furnish  information 
that  will  allow  resonators  to  be  fabricated  by 
predictable  methods  based  on  knowledge  of  all 
important  factors  involved  rather  than  by  a  reci¬ 
pe  derived  from  trial  and  error  which  permits  a 
reasonable  yield  of  acceptable  units  but  which 
may  result  in  resonators  of  poor  and  unexplicable 
aging  behavior. 
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Conclusions 

quartz  plates  fabricated  into  resonators 
under  clean  conditions  and  subjected  to  hi^h 
temperatures  during  plating,  subsequent  takeout, 

■r  aging  are  penetrated  by  atoms  of  the  metal 
electrodes  to  depths  of  0.5  to  1  micron  under 
procedure ..  wo  have  employed.  Even  plating  witl. 
geld  cr  copper  at  a  substrate  temperature  of 
?00°C  appeared  to  result  in  penetration  to  depths 
_f  O.b  micron.  The  decree  of  penetration  .f  the 
quartz  by  the  metal  atoms  and  the  accommodation 
of  the  atom  ty  the  lattice  or  imperfections  in 
it  are  specific  t-<  the  metal  atom-lattice  1  ara- 
meters  and  to  the  degree  of  perfection  -f  the 
quarts.  The  direction  of  the  resulting  fre¬ 
quency  . hift  i.  dependent  on  the  atom  accommo¬ 
dation  method,  any  strain  effects  resulting, 
elastic  property  changes,  and  moment  A'  inertia 
chain  •<  s  of  tin  {late  due  to  lattice  growth, 
slirinko-e,  or  mass  transfer  within  the  affect'  d 
zones,  n  mechanism  of  the  nature  described  will 
•  j.plain  mai.;,  current  ug  i  t .g  phenomena  Considered 
unomal  us.  It-  considerati.11  and  prop  •  r  control 
will  aU  improvement-  in  the  ultimate  -ta- 
tilit io  _f  quartz  res-i.at.ro  and  the  attainment 

of  pr^jecti  d  1  ing  require  n.ents  of  2.  lc*1 
for  res.nat. rs  if  5  Mis  fundamental  frequency. 
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A  NOVEL  ALGORITHM  FOR  THE  DESIGN  OF  THE  ELECTRODES 
OF  SINGLE-MODE  AT-CUT  RESONATORS 


John  H.  Sherman,  Jr. 


Gener  1  Electric  Company 
Mobile  Radio  Department 
Lynchburg,  Virginia 


Sunmar  i 


The  paper  reviews  the  basic  concepts  of 
energy  trapping  from  the  standpoint  of  physical 
intuition.  The  equation  of  Onoe  and  Sykes,  de¬ 
rived  to  calculate  the  responses  of  a  simple 
rectangular  AT-cut  plate,  is  used  to  generate 
relationships  expressing  the  effect  of  simul¬ 
taneously  bounding  the  X  and  Z1  extensions  of 
the  electrode,  leading  directly  to  the  evalu¬ 
ation  of  rectangular  electrode  configurations. 

Criteria  for  optimizing  rectangular  elec¬ 
trode  configurations  are  considered,  resulting 
in  an  X:Z'  ratio  of  1.1226,  the  square  root  of 
the  value  proposed  elsewhere  in  the  literature. 
The  design  equations  derived  calculate  actual 
resonator  frequencies  as  well  as  the  character¬ 
istic  frequencies.  The  plateback  constant  cal¬ 
culated  is  twenty  to  fifty  percent  larger  than 
that  found  by  other  investigators.  The  deri¬ 
vation  presents  a  previously  unexplicated 
criterion  for  minimum  plateback. 

Electrode  thickness  Is  considered  per  se. 
This  results  in  a  means  to  determine  require¬ 
ments  for  absolute  parallelism  of  the  blank. 

The  stringency  of  parallelism  requirements  for 
realistic  design  objectives  is  illustrated. 

A  13  step  design  algor ithm  for  single¬ 
response  AT  resonators  is  stated. 

The  mathematics  required  is  algebra. 

Introduction 

Six  years  ago,  during  the  1963  Symposium, 
we  all  listened,  deeply  impressed  because  we 
3onsed  that  what  we  were  hearing  was  of  tne 
greatest  Importance,  as  Dr.  Shockley*  offered 
the  first  explanation  most  of  us  had  ever  heard 
why  some  clectroded  AT-cut  resonators  display 


only  one  resonance  while  others  display  very 
complex  spectra. 

His  approach  was  to  solve  the  wave 
equation  for  thickness  dependent  plane  waves 
in  an  isotropic  medium  with  a  discontinuity 
in  velocity  parallel  to  the  wave  front  and 
discover  the  laws  of  reflection  at  the  discon¬ 
tinuity.  Altogether  it  was  rather  heady  stuff 
and  we  all  took  notes  so  we  could  try  it  out 
as  soon  as  we  got  home.  And,  of  course,  it 
didn't  work  quite  as  advertised.  In  the  inter¬ 
vening  years  we  have  had  substantial  clarifi¬ 
cation  and  explanation  and  some  very  vigorous 
exploitation  of  the  ideas  has  occurred. 3,4 ,5 ,6 
It  is  doubtful  that  the  coupled-mode  monolithic 
filter  would  have  become  the  important  device 
it  is  without  this  work. 

Among  the  significant  refinements  soon 
upcoming  were  modification  of  the  results  to 
account  for  the  anisotropic  med'um7  and  the 
clarification  of  the  concepts  of  symmetric/ 
antisymmetric  unwanted  responses.  It  had  been 
long  recognized  that  there  was  a  close  relation¬ 
ship  between  the  unwanted  modes  of  the  elect- 
roded  resonator  and  the  enharmonic  modes  of  the 
whole-plate  resonator  investigated  by  Onoe  and 
by  Sykes  some  thirty  years  ago.  The  mathemat¬ 
ical  approach  employed  has  not  made  it  explicit 
that  the  ideas  are  identical,  but  equating  the 
concepts  made  possible  the  rapid  exploitation 
of  the  ideas  in  the  Toyo8  series  of  filters  of 
cascaded  coupled-mode  dual  quartz  resonators. 
Equating  the  concepts  made  it  possible  for 
Beaver^  to  evaluate  the  coupling  coefficient 
between  two  resonators  in  the  design  of  the 
general  monolithic  filter.  Equating  the  con¬ 
cepts  made  it  possible  for  Mortley  to  design 
single  response  resonators  for  frequency  modu¬ 
lated  oscillators  in  the  middle  1950's. 


One  of  the  roost  humbling  of  the  things 
brought  forward  was  that  essentially  the  same 
ideas  had  been  not  only  sorted  out  in  success¬ 
ful  detail  by  Mortleylw,llbut  also  published 
seven  years  earlier,  only  to  be  ignored  by 
the  entire  frequency  control  fraternity.  This 
kind  of  oversight  has  its  precedents,  of  course, 
in  dismaying  number.  Among  them  are  the  demon¬ 
stration  of  wireless  communication*3  in  1866 
by  Mahlon  Loomis  and  the  invention  of  the  junc¬ 
tion  transistor*3  and  the  back-biased  diode 
varactor  in  1925  by  Julius  Lilienfeld, 


The  equation  of  Onoe  and  Sykes  is: 


This  is  an  approximate*  solution  with  distinct 
limitations  well  discussed  and  acknowledged  in 
the  literature.  It  is  most  nearly  valid  at 
low  orders  of  the  lateral  (enharmonic)  over¬ 
tones  as  it  is  employed  in  this  paper. 


Failure  to  make  secure  Identification  of 
the  well-understood  enharmonic  mode  with  the 
unwanted  mode  has  allowed  some  significant 
amounts  of  effort  to  be  less  than  ideally 
effective.  What  is  to  follow  is  the  conse¬ 
quence  of  making  the  absolute  identification 
of  the  mode  spectrum  of  the  electroded  reso¬ 
nator  with  that  of  the  unelectroded  AT-cut  blank 
of  the  older  literature.  The  approach  is  very 
similar  to  Mortley's,  but  is  carried  through  to 
the  form  of  design  equations  which  Mortley  con¬ 
sidered  an  impractical  hope.  Some  of  the 
resulting  magic  numbers  ore  unfamiliar.  What 
is  reassuring  is  that  in  form  the  equations 
are  as  they  ought  to  be,  that  some  problems 
Inadequately  handled  previously  yield  readily 
to  this  approach,  and  that  the  approach  requires 
only  a  reasonably  sophisticated  physical  in¬ 
tuition  and  simple  algebra  to  derive  its  re¬ 
sults.  There  isn't  a  derivative  or  a  matrix 
in  the  whole  bit. 


If  we  extract  from  this  the  frequency 


fmoo  =  m 


we  recognize  the  familiar  form 


Eq.  2 


fmoo  =  m  Kf 
t 


Eq.  2a 


where 


Eq.  2b 


When  th°  standard  values  of  Cgg  endear e  sub¬ 
stituted  a  numerical  value  of  Kf  is  found: 


Enharmonic  Frequency  Spectrum 


Kf 


=  165.1  x  103 


Hz  cm. 


Before  writing  the  equation  of  Onoe  and 
Sykes  certain  peculiarities  of  notation  will  be 
explained.  The.  thickness  of  the  crystal,  in 
the  y'  direction,  will  be  designated  as  lower 
case  t;  the  extension  of  the  resonator  in  the 
x-  direction  will  be  designated  by  upper  case 
X  while  the  direction  will  be  mentioned  in 
lower  case;  similarly  the  extension  in  z'  will 
be  expressed  in  upper  case  and  the  direction 
itself  in  lower  case.  Furthermore,  after  this 
point  no  axis  will  be  identified  as  primed,  z' 
will  be  called  z  and  the  extension  will  simi¬ 
larly  be  unprimed.  It  will  be  convenient  to 
use  the  subscript  lower  case  m  in  three  senses, 
(1)  thickness  mode  index,  (2)  modifier  to 
signify  minimum  value  with  upper  case  signi¬ 
fying  maximum,  and  (3)  modifier  of  the  density 
symbol/^rho)  to  signify  metal  density  in 
contrast  with  quartz  density  which  is  not 
subscripted. 


=  65.0  x  103  Hz  in. 


Physically  fmoo  is  identified  as  the  frequency 
of  an  infinite  plate  and  is  measured  as  the 
frequency  of  a  plate  immersed  in  a  parallel 
electric  field  formed  by  electrodes  larger  than 
the  plate.  Since  the  dielectric  constant  of 
quartz  is  reasonably  high  the  approximation  is 
quite  good. 

The  equation  can  be  rewritten  by  factoring 
undei  the  radical: 


fmnp  =  1  J^66m^ + ^lln3 +  ^55p3 

2 

★Epilogue  2 


=  m 


Eq.  la 


ators  can  be  designed  with  other  proportions. 
In  the  language  of  the  textbooks,  if  other 
ratios  are  desired  the  details  are  left  as  an 
exercise  for  the  reader. 


This  form  of  the  equation  makes  it  explicit 
that  the  frequency  of  the  resonator  is  higher 
than  the  frequency  we  normally  consider  to  be 
the  "blank  frequency."  As  a  matter  of  fact, 
there  is  a  family  tree  of  frequencies  all 
standing  above  fmoo  coming  from  the  possible 
values  of  n  and  p.  These  are  the  enharmonics. 

Another  valuable  manipulation  of  the 
equation  is  made  tfy  factoring  in  the  paren¬ 
theses  under  the  radical: 


As  is  well  known,  if  the  plate  is  elec- 
troded  then  all  three  indices  must  be  odd  num¬ 
bers.  The  sequence1**  of  resonances,  then, 
becomes 


2  f  ■ 

fmll  =  fmoo  ll  +  — $5_ 


m2  C65  Z2 


fml3  =  fmoo 


H  _ 
V  n2 


10  c55  t 


C66  2 


£m33  -  fmoo 


1  +  18  C55  C 


nr  C 


66 


Eq.  5a 


Eq.  5b 


Eq.  5c 


fmnp  =  fmoo 


1  + 


^66m2 


fmoo 


lb 


lc 


Now,  if  the  policy  decision  is  made  to  propor¬ 
tion  the  blank  appropriately  the  enharmonic 
spectrum  is  substantially  simplified.  Let  the 
resonator  be  proportioned  so  that: 


Eq.  3 


fml5 


fm35  = 

fm55  = 


fmoo  1 1  +  I*  C55  l 


i:.£  C, 


66 


fmoo 


fmoo 


1  ,  .  C:>5  t 

1  +  —7— - -j 


m£  C, 


66 


1  +  50  C55  ^ 


c66  Z2 


etc. 


Eq.  5d 

Eq.  5e 

Eq.  5f 


So  far,  nothing  is  novel.  This  is  all  standard 
in  the  literature  and  in  the  art.  It  is,  how¬ 
ever,  the  necessary  prelude  to  the  concept  of 
energy  trapping  as  considered  in  this  exposition. 

Stored  and  Trapped  Energy 


or 


Eq.  3a 


The  full  equation  then  becomes: 


I  Ccc  t2  (n2+  p2) 
fmnp  =  fmpn  =  fmoo  j  1  +  _ 

C66  Z2  m2 


Eq.  l* 


Again,  this  simplification  is  convenient  and 
has  some  very  desirable  implications.  It  is 
not  necessary,  and  perfectly  adequate  reson- 


Energy  is  stored  in  all  excited  resonant 
structures.  This  storage  is  not  perfect  in  any 
ordinary  resonator;  there  is  a  steady  leakage 
of  energy  from  the  resonator.  This  leakage 
is  called  dissipation  and  its  reciprocal  is  the 
quali'  factor  Q  of  the  resonator.  Q  is  men¬ 
tioned  here  specifically  to  point  out  that  no¬ 
where  else  in  this  discussion  is  the  Q  concept 
to  be  offered  as  an  explanation  of  any  pheno¬ 
menon  considered. 

Energy  is  said  to  be  trapped  if,  due  to 
some  peculiarity  of  a  resonant  system,  the  site 
of  the  storage  is  only  a  part  of  the  entire 
system.  The  distinction  between  energy  storage 

**Epilngue  3 


and  energy  trapping  becomes  of  great  signifi¬ 
cance  in  thickness  mode  quartz  crystals  with 
deposited  electrodes  or  with  thickness  dis¬ 
continuities,  Trapped  energy  is  stored  energy, 
but  energy  stored  only  in  regions  defined  by 
electroding  or  by  thickness  discontinuities. 
Other  modes  of  energy  storage  exist  which  in¬ 
volve  the  remainder  of  the  plate  as  well  as 
the  electroded  region.  He  term  these  modes  of 
storage  "whole  plate  modes,"  This  exposition 
will  avoid  the  attempt  to  discuss  whole  plate 
modes  in  detail.  Understanding  of  modes  of 
energy  trapping  will  provide  the  background  of 
better  understanding  of  whole  plate  modes  as 
well. 

We  have  described  the  resonant  modes  of 
an  Isolated  rectangular  AT  plate.  No  discuss¬ 
ion  or  means  of  supporting  this  isolated  plate 
is  made  or  implied  in  the  equations.  We  will 
now  propose  one.  We  will  postulate  that  the 
plate  is  supported  by  a  web  of  crystalline 
quartz  which  is  thinner  than  the  resonator  it¬ 
self.  This  web  has  a  characteristic  frequency 


point  in  terms  of  thickness  will  now  be  genera¬ 
lized  by  avoidance  hereafter  of  the  implication 
of  thickness  or  thickness  difference.  We  will 
have  occasion  to  speak  explicitly  of  thickness 
when  we  discuss  electroding  and  parallelism. 

The  ratios  Z/t  and  x/t  are  of  course  retained 
as  parameters  in  the  enharmonic  equation.  From 
this  point  on,  the  discussion  will  be  based 
upon  the  two  frequencies  fmoo  and  f'moo  alone. 
We  will  continue  to  assume  that  the  resonator 
is  rectangular  in  shape,  oriented  along  the  x 
and  z  axes  and  proportioned  so  that: 


We  will  at  this  point  add  some  terminology  in 
order  to  clarify  the  discussion.  We  will  des¬ 
ignate  our  two  characteristic  frequencies  with 
the  terminology  comnonly  used  for  them  since 
Shockley's  paper: 


f'moo  »  Eq.  2 

which,  because  the  web  thickness  is  postulated 
to  be  less  than  that  of  the  resonator,  is 
greater  than  fmoo,  the  characteristic  frequency 
of  the  resonator.  The  web  is  bounded  in  some 
way,  hence  has  its  own  set  of  resonances  re¬ 
lating  to  its  x  and  z  extensions.  All  of  these 
resonances  are  higher  in  frequency  than  f'moo. 

If  the  Imbedded  resonator  is  excited  by  a 
complex  signal  --  if,  for  instance,  it  is 
swept  in  frequancy  —  all  of  the  resonances  of 
the  resonator  up  to  f'moo  will  be  observed  to 
be  essentially  the  same  as  if  Che  resonator 
were  totally  isolated.  Above  f'moo  exciting 
the  imbedded  resonator  couples  inco  the  web  so 
that  the  resonances  of  the  web  can  be  excited. 
In  terms  of  our  definition  of  trapped  energy 
given  above,  all  resonant  modes  lower  than 
f'moo  in  frequency  are  trapped  energy  modes 
trapped  in  the  resonator  while  those  higher 
than  f'moo  are  generally  associated  with  the 
entire  plate  including  the  web,  hence  not 
trapped. 


fmoo  =  fe, 


f  ‘moo 


=  fs 


The  Clevite  group  also  used  the  symbol  fte  for 
trapped  energy  frequency.  Ihere  can  be  several 
frequencies  of  crapped  energy  in  accordance 
with  the  following  condensation  of  the  discuss¬ 
ion  preceding: 


£s>fte  =  fe 


4^ 


c55  •£7>fe 


Eq.  6 


The  inequality  on  the  right  has  been  discussed 
already.  The  inequality  on  the  left  will  con¬ 
cern  us  from  here  on  out.  It  is  obvious  that 
fs  can  conceivably  be  sufficiently  greater  than 
fe  that  many  values  of  n  and  p  can  be  combined 
to  satisfy  the  conditions,  resulting  in  many 
values  of  £te.  We  are  concerned  with  the  prob¬ 
lem  of  defining  conditions  which  will  permit 
one  and  only  one  value  of  fte,  the  "single  mode 
criterion," 


Single  Mode  Criterion 


This  structure  consisting  of  a  region  of 
quartz  surrounded  by  a  boundary  of  higher 
characteristic  frequency  is  recognized  to  be 
the  mesa  structure  discussed  by  the  Clevite 
group.  The  derivation  of  the  concept  to  this 


Earlier  we  tabulated  in  Equation  5  the 
formulas  of  several  possible  values  of  fte. 
Reference  to  that  table  shows  that  the  lowest 
of  these,  which  we  will  designate  fd,  the  de¬ 
signed  frequency  is  Eq.  5a,  which  becomes: 


that  is,  that  there  is  a  minimum  plateback 
which  must  be  exceeded  before  energy  trapping 
can  occur.  This  can  be  expressed  as  a  mini¬ 
mum  electrode  thickness  which  must  be  deposited. 
A  sample  calculation  of  this  kind  will  be  made 
later  to  illustrate  the  concept.  A  survey  of 
the  earlier  literature  of  energy  trapping  has 
failed  to  disclose  a  discussion  of  this  phe¬ 
nomenon. 

For  only  a  single  mode  to  exist,  the  first 
unwanted  mode  fml3  must  be  greater  than  fs. 

This  is  written: 


The  inequality  on  the  right  indicates  that  a 
signal  at  this  frequency  results  in  exciting 
the  entire  plate  and  not  the  electroded  region 
al'twe.  This  frequency,  therefore,  would  not 
be  trapped.  Also  all  higher  frequencies  would 
not  be  trapped  as  they  would  fail  to  satisfy 
the  inequality  and  would  excite  the  entire 
plate.  Since,  in  general,  the  resonator  region 
is  only  a  small  fraction  of  the  entire  plate, 
the  electromechanical  coupling  of  the  elec¬ 
trode  to  a  whole  plate  mode  will  tend  to  be 
small  and  the  whole  plate  will  usually,  though 
not  always,  couple  only  small  impedance  fluctu¬ 
ations  into  the  electrodes. 

Since  fs  must  be  greater  than  fCe  for  fte 

to  exist,  fs  must  be  greater  than  fd.  This  is 
written: 


This  inequality  can  be  recast: 


5  C5S 

m2  C55 


Eq.  8d 


Eq.  11a 

Eq.  lib 


These  equations  are  of  familiar  form,  being 
unfamiliar  only  in  the  proposed  numerical 
values  of  the  constants  on  the  right  hand  side. 
The  two  forms  of  Equation  11  are  equivalent 
under  the  dimensional  transformation  we  arc 
using: 


From  this  we  conclude  that 


aisL 

fe 


C55  t2 

*2  C66  22 


Eq.  10 


Eq.  3a 


!  (  - 


Resonator  Resonant  Frequency 


This  can  be  recast  into  the  form: 


Unfortunately  the  equations  derived  above 
are  of  no  particular  value,  as  they  are  all 
expressed  in  terms  of  the  unmeasureable  fre¬ 
quency  fe.  It  becomes  our  next  objective  to 
recast  Equation  11  in  terms  of  the  measureable 
frequency  fd,  the  resonator  resonant  frequency. 
The  effect  of  this  transformation  will  illu¬ 
minate  some  of  the  empirical  corrections  we 
have  all  had  to  make  in  attempting  to  reference 
plateback  to  fe. 

Write  again  Equation  8 


fu  =  fe 


1  +  10  C55 


m2  C66  Zl 


>  fs 


If  it  be  written 


Eq.8 


fs  =  fd  +  fif  ^  fe  1  +  10 31*  Eq.gf 

1/  “  C66  Z2 


And  the  inequality  Eq.  8f  be  divided  by 
Equation  7: 


/mf  2  =  2  Fss 

^  fdy  t  my  c66 

'AMfVx  2  [El 

™VC66 


/A  Mf  |  X 

[£dJt 


Eq.  13a 


Eq.  13b 


Again,  the  two  versions  of  Eq.  13  are  equivalent 
by  virtue  of  the  transformation  Eq.  3a. 

It  is  important  to  note  that  the  express¬ 
ion  A Mf  appears  in  Equations  11  and  13  with 
different  meanings  in  each.  For  this  reason 
AMf  must  be  handled  most  carefully.  In  this 
paper  it  is  always  associated  with  the  appro¬ 
priate  resonator  frequency  fs  or  fd.  It 
turns  out  that  the  form  of  Equations  11  in¬ 
volving  Af/fs  is  of  significance  in  determining 
electrode  thickness,  estimating  the  consequences 
of  deviation  from  parallelism  of  the  blanks, 
etc.  The  form  of  Equations  13  is  of  signifi¬ 
cance  in  determining  measured  frequencies  in 
the  design  of  practical  resonators.  Equation 
13  corrects  a  calculation  which  has  previously 
required  empirical  adjustment. 


fd  +  Af 
fd 


Tills  can  be  simplified  by  noting  that 

1  +  SX  =  1+4  (X-X2+X3-X4+. . . ) 
1  +  X 


So  Equation  12  becomes: 


Electrode  PesiRn  Formulas 

So  far,  except  for  the  confirmation  of 
the  frequency  constant,  the  various  formulas 
have  not  been  reduced  to  simple  numerical  co¬ 
efficient  form.  This  will  be  done  next  in 
order  to  compare  the  numbers  here  derived  with 
those  proposed  by  ocher  sources. 

Eq.  3a  becomes: 


which  is  to  be  compared  with  the  value  gener¬ 
ally  proposed  in  the  literature: 


1  +41  < 
fd  . 


1  +  8._  C55 


,2  C66  Z2 


Eq,  12a 


X  =  1.26Z  = 


£U.Z 

c55 


Whence: 


Af  C55  t 

fd  — 


m  C66  Z 


The  value  proposed  as  Eq,  3a  in  this  paper  is 
preferred  as  it  is  che  ratio  of  velocities, 
which  has  che  proper  physical  significance. 


Eq.  12b 


Equations  11  become 


Am/Yz  = 

l  fey  t  m 


=  £  £55  =  3,446 

m\  C66  m 


/AMf  j  X  =  JT"  £ll  =  3.868 
l  fe/  t  m.  Cgg  m 


Eq.  11c 


Eq.  lid 


or  4f  ^  9  Cu  t 

fe  <  — - - 7 

2m2  C66  X2 


This  can  be  recast  as: 

Alf  £<  3  =  3,66 

I  fe J  t  iny2y  C66  m 


Eq.  16 


Eq .  16a 


Equations  13  become 


/AHfYz  =  2 

^fd^t  m^ 


A  Mi  )  X  ■=  2  |£ii 

[  fd  /  t  m\J  ^66 


=  3.0818 


3.4596 


Eq.  13c 


Eq.  13d 


test  the  point  be  forgotten,  we  again  call 
attention  to  the  fact  that  these  numbers  per¬ 
tain  to  an  oriented  rectangular  electrode  of 
previously  specified  proportions.  But,  re¬ 
gardless  of  their  referents  the  magic  numbers 
appear  large  compared  with  previously  published 
values.  It  is  instructive  to  compute  the  value 
of  the  magic  number  discussed  extensively  by 
the  Clevite  group  from  this  approach  and  com¬ 
pare  values. 

Semi-Infinite  Strip  Electrodes 

Consider  the  aemi-infinite  electrode  of 
finite  extension  X  and  no  field  variation 
along  Z. 

This  has  resonances: 


This  magic  number  is  twenty  percent  over  the 
familiar  one  determined  by  much  elaborate 
measurement.  As  satisfactory  answer  to  the 
discrepancy  between  the  numbers  is  not  avail- 
ablej  we  did  not  perform  the  experiments.  Three 
possible  explanations  come  to  mind,  that  the 
blanks  upon  which  the  measurements  were  made 
were  substantially  convex  that  the  subscripted 
C  values  used  (which  are  elastic  moduli)  do 
not  apply  to  electroded  plates  and  that  the 
fringing  effects  are  large.  '.'Substantially 
convex"  as  will  be  illustrated  later,  can  be 
used  to  describe  parallelism  of  better  than 
one  fringe  of  visible  light.  No  estimate  of 
fringing  effect  comes  out  of  the  equations,  but 
if  it  is  large,  the  effective  lateral  dimen¬ 
sions  will  be  substantially  larger  than  the 
extent  of  the  metalization.  Experiments  in 
our  laboratory  on  crystals  of  known  convexity 
are  so  far  consistent  with  the  fringing  hy¬ 
pothesis.  If  compensated  in  the  constant,  both 
effects  would  reduce  the  constant.  For  the 
sake  of  understanding  of  concept  we  proceed 
anyway . 

It  is  possibly  equally  instructive  to  de¬ 
termine  the  resonator  frequency  under  these 
conditions.  Again  we  write: 


fd  =  fmlO  *■  fe  l  + 


fu  =  fm30  =  fe  1  +  9  CH  £ 

\  m2  C66  X2 


The  latter  becomes: 


1  +df  ^  I  1  +  9  C11 
fC  \  c66  X2 


Eq.  14 


•j»fs  =  fe  +  Z»f 


Eq.  15 


Eq.  15a 


f u  ■  fm30  =  fe  1 1  +  9  ^  ^  f s  =  fd  +  a  f 


ni2  X2  ' 


and  dividing  by  fd 


l  +  Af  1+9  Cur 

fd  “5 - ? 

m2  C66  X* 


Eq.  15 


1+8  Ci  i  t^ 


X2  *•* 


This  reduces  to 


4£_  4  r.-,-,  t2 


^ .  4  cn 

fd  ?  C66 


Eq.  16 


rectangle  A  =  XrZr  =  Xr2  I  c55  =  Zr2  I  ^11 

\(cii  Jc55 

By  equating  the  areas  it  follows  that: 


which  is  the  value  calculated  for  the  rec¬ 
tangular  electrode.  If  the  same  procedure 
is  followed,  calculating  fmOl  and  fm03  the 
equation  for^f/fd  in  terms  of  Z  will  come 
out 


Xr2  a  n  I  ^11  ?  2 

4  V^7Xc  =  -883Xc 

to2  =  £  xe2  =  ,785Xe2 
4 


Af  4  c55  t2 

fd  <  -* - -  Eq.  12b 

“  c66  Z2 


Zr2  -  n  (ST  Zc2  =  ,699Zc2 

4yc  U 


Again  the  value  calculated  for  the  rectangular 
electrode.  Different  values  for  the  limit  of 
fe  are  calculated  but  the  expressions  for  the 
resonator  frequency  are  the  same.  If  the  two 
expressions  for  the  limit  of^f/fd  are  equated 
then  we  find  that 


which  is  our  previously  postulated  dimensional 
ratio.  From  this  it  follows  that  our  propor¬ 
tions  have  yet  a  further  significance.  This 
electrode  shape  results  in  the  maximum  elec¬ 
trode  area  for  a  given  thickness  or  the  maxi¬ 
mum  electrode  thickness  for  a  given  area.  This 
is  an  important  design  consideration  for  single 
response  crystals. 

Rectangular  Electrodes 

This  might  have  been  anticipated  by  ex¬ 
amining  the  values  of  x  and  z  extension  for  a 
given  electrode  area  assuming  circular,  ellip¬ 
tical  and  rectangular  electrodes. 

1  *>  2 
circle  A  ■  a  Dc  *  n  Xc*  =  n  Zc 

4  4  4 


Zr2  “  f  Ze2  ■=  . 785Ze2 
4 


If  the  shape  of  the  electrode  were  to  affect 
the  value  of  the  electromechanical  coupling 
the  effect  would  be  a  significant  source  of  a 
criterion  for  electrode  shape.  Experience  in 
the  use  of  rectangular  electrodes  as  elements 
of  monolithic  filters  has  shown  that  any  effect 
on  the  inductance  of  an  electrode  ranging  from 
square  to  4:1  is  below  our  ability  to  measure. 

Rectangular  electrodes  are  adequately 
simple  to  fabricate  and  thoroughly  satisfactory 
to  use.  We  are  convinced  that  there  is  no 
electrode  configuration  superior  to  rectan¬ 
gular  for  critical  crystals  in  cither  filter 
or  overtone  oscillator  application. 

Minimum  Platcback  Criterion 

Earlier  in  this  paper  an  expression  was 
derived  for  the  minimum  plateback  for  energy  to 
be  trapped.  If  the  approach  here  is  valid  this 
equation  should  yield  results  consistent  with 
experience  in  predicting  the  frequency  at  which 
special  treatment  of  contour  or  bevel  must  be 
applied  to  override  the  deficiencies  of  elec¬ 
trodes  alone.  In  what  follows  after  some 
estimates  are  made  concerning  the  usual  prac¬ 
tices  in  applying  electrodes,  frequencies  will 
be  calculated  below  which  special  blank  treat¬ 
ment  is  required,  for  several  electrode  mater¬ 
ials. 


ellipse 


A 


*  a  XeZe  ** 


;t  Xe2 
4 


n  Ze2  I  C11 
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We  will  start  by  repeating  equation  2a 

fe  “  f  »  mKf  Eq.  3a 

e 


-  l‘.l  - 


4 


unorthodox  electrode  patterns  and  assume  an 
extremely  high  order  of  surface  parallelism  of 
the  quartz  plates. 

The  Indication  is  that  substantially 
thicker  electrodes  can  be  used  chan  is  normal 
practice  with  advantage.  There  is  little  point 
in  looking  for  a  denser  electrode  material; 
Osmium,  the  densest  metal,  has  less  than  an 
8%  advantage  over  Gold,  is  rare  and  expensive, 
and  is  difficult  to  evaporate.  Gold,  on  the 
other  hand,  is  2.67  times  as  effective  as 
Aluminum.  The  four  metals  listed  are,  or 
should  be,  the  important  electrode  metals. 


We  have  derived  this  as  quartz  thickness  making 
A  t  be  the  increment  oi  mesa  thickness.  This 
has  an  equivalent  in  metal  thickness.  We  know 
that  there  is  a  minimum  plateback  which  must 
be  applied  for  energy  to  be  trapped  given  by 

Amf  =  c55  tZ 
fe  m“  c66  Z2 


Parallelism 

Several  times  we  have  had  occasion  to 
note  chat  parallelism  of  crystal  plates  has 
a  severe  effect  on  the  applicability  of  the 
design  principles  being  discussed.  It  was 
stated  rather  categorically  that  deviation 
from  parallelism  will  result  in  decreased 
values  of  what  we  have  been  calling  "the  magic 
numbers."  To  justify  this  assertion  it  is 
necessary  to  discuss  quantitatively  the  effect 
of  crystal  surface  deviations  on  electrode 
thickness.  We  will  discuss  in  terms  of  yellow 
light  and  polished  blanks  so  that  interference 
fringes  can  be  used  as  a  basis  of  discussion. 

Any  other  means  capable  of  measuring  deviations 
of  the  magnitudes  resulting  from  this  discuss- 
lon.swlll  be  equally  applicable. 

Common  usage  refers  to  a  total  difference 
in  optical  path  length  of  one  wavelength  as  one 
fringe.  For  yellow  light  this  is  a  length  of 
some  5890&  in  space.  Quartz  has  two  indices  of 
refraction  which  vary  by  less  than  1/47.  around 
1.55,  so  in  quartz  the  wavelength  is  3800A. 

For  a  fringe  to  be  seen  the  light  must  pass 
through  the  quartz  twice,  so  the  thickness  vari¬ 
ation  must  be  one  half  wavelength  or  1900& 

(7.5  microinches). 

Now,  if  we  examine  fs  and  fe  we  will  lay 
Che  basis  for  understanding  the  maximum  devi¬ 
ation  from  parallelism  permissable. 


fs  “  m  Kf 
t' 


fe  =  m  Kf 
t 


fs  *  fe  »  m  Kf  -  m  Kf  =  m  Kf  ( t-t ' 
t'  t  t  t' 


and  a  maximum  for  a  single  response  which  is 
given  by 


A  Mf 
fe 


Surely  the  minimum  must  apply  at  the  edge  of 
the  mesa  (electrode)  and  the  maximum  at  least 
at  some  inner  point.  The  full  range  is  only 
5  to  1,  To  determine  the  maximum  permissable 
deviation  from  parallelism,  the  minimum  equiva¬ 
lent  quartz  thickness  increment  is  computed. 

The  thickness  variation  of  the  plate  in  the 
region  to  be  covered  by  the  electrode  must  be 
less  than  4  times  this  minimum  increment.  For 
this  calculation  the  frequency  constant  is 
useful  in  unorthodox  units; 

Kf  =  J  .651  x  10 13  \lzl 

If  the  deviation  from  parallelism  exceeds  four 
times  the  minimum  then  the  curvature  of  the 
plate  will  dominate  the  energy  trapping  and 
multiple  responses  will  occur  with  any  elec¬ 
trode  thickness  whatever. 

A  sample  calculation  will  be  made  to  show 
how  the  system  works.  For  this  illustration  we 
will  choose  the  geometry  of  the  system^  de¬ 
scribed  by  Cuttwein,  Lukaszek  and  Ballato  for 
an  improved  CR-67  at  47  Khz.  They  chose  ellip¬ 
tical  electrodes.  We  will  evaluate  the  curva¬ 
ture  for  the  elliptical  case  and  then  consider 
the  redesign  with  rectangular  electrodes. 

We  transcribe: 

Plate  diameter  ■»  8.5  mm 
Parallelism  =  0.27  ^m  max  across  diameter 
/  (1.4  fringes) 

Electrode:  elliptical  shape 
2  “  3.0  mm 
X  =  4.0  mm 


205.  A 


Plateback  =  30  KHz  =  4.976  x  1013  = 

Af/fd  »3x  104/4.7  x  10'  =  6.38  x  10"4  2.428  x  1011 

Mode  index,  m  =  3 


Since 

X  =  4  i, 1226 
2  3^ 

the  first  unwanted  node  will  occur  due  to  a 
phase  reversal  along  x.  Under  these  circum¬ 
stances  the  forms  of  equations  8,  10,  and  12 
required  will  be  written  in  terms  of  X.  Hence: 


A  mf 

*  Cn 

10 

“fe 

mz  C66  X2 

Eq. 

AMf 

=  s  Cn  c2 

Eq. 

8c 

fe 

m2  C66  X2 

AMf 

=  4  CH  c2 

Eq. 

12 

fd 

m2  C66  X2 

Since  fs  and  fd  and  fe  vary  from  each  other 
only  by  parts  in  10^,  wherever  the  conceptual 
differences  do  not  require  separation  of  con¬ 
cept  the  nominal  frequency  will  be  used  for 
calculation.  Separation  of  the  concepts  is 
significant  at  several  points,  however. 


AeL 

=  Amt  s 

■  C11  * 

“T" 

fe 

c 

m<!  c66 

xz 

AMf 

■=Amc  = 

=  5  CU 

t2 

fe 

t' 

c66 

IT 

t  a 

m  Kf  c 
fe 

3(1.663)(10) 

4.7(10)'/ 

=  1.0615  x  10'2  cm 


X  « - ih -  =  37.68;  f  x)  =  1420.0 

t  1,0615  x  10'2  17/ 


Amt  *>  Kf  Cu 

(1420)  fsm  C66 

=  1 . 663(10) 13  (2.9923)  ! 

3(1420)(47)(10)b 


AMt  =  5  Amt  =  1025A 

The  maximum  permissable  curvature  would  be  the 
difference  of  these  two,  or 

A  Mt  -^mt  =  4Amt  =  820& 

The  actual  equivalent  electrode  thickness  must 
also  lie  within  these  limits;  in  fact,  the  sum 
of  the  equivalent  electrode  thickness  and  the 
contour  variation  inside  the  electrode  bound¬ 
aries  must  lie  inside  4 Amt.  We  should,  there¬ 
fore,  determine  the  actual  electrode  equivalent 
thickness. 


Af.  =  A_t 
fe  t1 

A  t  =  6.77  x  10“6  cm  =  677A 


The  allowed  deviation  of  parallelism,  then,  is: 
4Amt  -At  =  820  -  677  =  143A 


This  is  somewhat  under  a  tenth  of  a  fringe  while 
the  actual  deviation  from  parallelism  was  2700A. 
It  is  possible  but  improbably  that  only  this 
tiny  fraction  of  the  total  curvature  would  occur 
in  the  central  half  of  the  plate  diameter.  The 
reported  experience  was  that  all  plates  had 
detectable  unwanted  responses  associated  with 
the  electrode  which  were  not  excited  by  the 
oscillator  circuit. 

Deviations  from  parallelism  are  not  such  as 
to  cause  the  surfaces  to  be  sectors  of  spheres. 
The  principal  cause  of  deviations  from  parallel¬ 
ism  is  the  distribution  of  particle  size  in  the 
abrasive  slurry;  the  second  most  significant  is 
systematic  deviation  from  flatness  of  the  lap 
surfaces.  The  former  cause  results  in  a  thinned 
edge  but  a  center  sector  of  lesser  curvature  than 
the  edge  while  the  second  tends  toward  a  uniform 
curvature  which  extends  in  to  the  center  of  the 
plate. 

A  redesign  of  the  plate  merely  requires 
the  computation  of  the  dimensions  of  the  rec¬ 
tangular  electrode  of  the  same  area  and  the 
recalculation  of  the  plateback  range 


,03it  -foT g2  '  1. 122622 
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2)  Approximate  the  electrode  area  from  the 
specified  parameter  L  or  Ce 


Z  =  .03k 

1.1226 


.290  cm 


A  -x*  1 .  9nr 
Lfd'3 


A ■}&  m  Ce  x  101 
2.42fd 


X  =  1.1226Z  =  .325  cm 


X  =  30.6 

e 


( 'I)' 


A  ml  =  205(1420)  =  312X 
936 


AMt  =  5 Amt  **  156oX 

AMt  -Amt  »  4Amt  =  1248X 
4Amt  -At  =  1248  -  677  ■=  57lA 


3)  Compute  the  dimensions  of  the  electrode 


x=  a  cn 
1/  J  C55 


4)  Calculate  the  minimum  playback 
_  -  -2 


A 

I  C55 

J 

C11 

Amf  “  C55  t*  “  cii  c 

fC  m2  C66  Z2  m2  C66  X2 


5)  Calculate  the  maximum  plateback 


A  Mf  -  5 Amf  =  5  C5S  t2  "5  Cu  t2 


fe  fe 


9  9 

•»  C66  fc* 


2  2 
“  c66  x 


Ihis  is  four  times  the  value  for  the  ell'  - 
tical  electrode,  or  a  third  of  a  fringe  spread 
over  the  diagonal  of  the  electrode,  54.5/.  of 
the  blank  diameter.  It  is  probable  that  most 
of  the  units  would  have  had  more  than  one  de¬ 
tectable  response  with  the  rectangular  elec¬ 
trode  of  the  same  impedance  as  that  used,  but 
the  prediction  of  improvement  is  distinctly 
illustrated. 

In  the  original  exercise  using  oval  elec¬ 
trodes  the  electrode  material  used  was  Alum¬ 
inum.  The  density  of  Aluminum  is  only  1  1/2% 
greater  than  quartz,  2.70  vs,  2.66.  When  a 
mc8a0 thickness  increment  is  computed  to  be 
2000A  or  less  the  metal  of  choice  will  prob¬ 
ably  be  Aluminum.  The  electrode  thickness  will 
be  half  the  mesa  increment  of  aluminum  applied 
to  each  side. 


Design  Algorithm 

1)  Approximate  the  equivalent  thickness  of 
the  resonator 


m  ^66 
fd 


6)  Calculate  fe 

fe  »  fd/l  +  C55  tZ  ■  fd/l  +  CU  t 

/  /  "2  %  * 

7)  Choose  a  value  of  plateback 

A  mf  <  A  f  5 Amf  c  A  Mf 

8)  Calculate  the  blank  frequency,  fs 
fs  ■  fe  +Af  ■  fd  +Af  -  Amf 

9)  Compute  the  equivalent  thickness  difference 

At-.  S' 


-  m  C66 

Us 


fs  -  fe  J ■  m  Kf  /  fs  -  fe 
fs  fe  /  l  fs  fe 


10)  Determine  the  electrode  thickness 


tm  -4t  /> 

2  Z?ra 


1^‘t  - 


o 

Note:  tm  must  exceed  100A.  By  a  choice  of 
metal  the  electrode  thickness  can  be 
kept  in  the  desirable  range  of  500  to 
2000X  down  to  a  frequency  below  5  MHz 

11)  Compute  the  maximum  equivalent  thickness 
difference 


AMt  »  m  Kf 


. 

fs  (fs  -£Mf) 


12)  The  difference  A  Mt  must  exceed  the 
deviation  from  parallelism  ’.n  the  blank 
subtended  by  Che  electrode  (diagonal). 


13)  Mask  electrodes  of  dimensions  and  orien¬ 
tation  (3)  onto  blank  of  frequency  (8) 
and  parallelism  (12)  and  adjust  resonator 
to  resonator  frequency  fd. 

Epilogue  2 

The  equation  of  Onoe  and  Sykes  was  said 
to  be  only  on  approximation.  It  is  proper, 
however,  to  explain  the  basis  for  the  asser¬ 
tion  that  it  is  only  approximate. 


All  single  dimensioned  resonators  have 
resonant  frequencies  given  by  an  equation  of 
the  form 


f  "  nv/2  1 


where  n  is  integer,  v  is  the  velocity  of  the 
wave  motion,  and  1  is  the  bounded  length  of 
the  resonator.  In  some  complex  cases  analysis 
Indicates  that  the  velocity  of  sound  varies 
within  the  resonator  as  a  function  of  position 
resulting  in  a  very  complex  formula  for  the 
frequency.  The  law  remains  of  this  form.  Thus 
the  equation  for  the  frequencies  of  j  taut 
flexible  string  is: 


f 


c  n 
2  1 


where  t  is  tension  and yOls  mass  per  unit 
length;  the  equation  for  the  resonant  fre¬ 
quencies  of  a  segment  of  transmission  lino  is: 

f  *  n  _ 

2  1 


where M  is  the  permeability  and t  the  dielec¬ 
tric  'constant  of  the  medium  surrounding  the 
line;  the  equation  for  the  resonant  fre¬ 
quencies  of  an  organ  pipe  or  flute  is 


where  P  is  pressure,  J  is  the  ratio  of  the 
specific  heats  and  0  is  the  volume  density  of 
air.  / 

In  these  relatively  single  cases  the 
velocity  is  given  as  the  square  root  of  the 
ratio  of  the  elastic  modulus  appropriate  to 
the  wave  by  the  density  of  the  medium. 

Similarly  the  resonances  of  a  rectangular 
microwave  cavity  are  given  by  the  formula: 


and  the  acoustic  resonances  of  a  room  by  the 
formula: 


f  =  1 
2 


It  is  tempting  to  try  to  write  the  equation  for 
the  resonances  of  an  isotropic  solid  rectan¬ 
gular  prism  by  the  similar  formula: 


Such  an  assumption  is  generally  incorrect.  The 
assumption  that  a  single  elastic  coefficient 
applies  in  a  solid  is  a  gross  oversimplifica¬ 
tion.  If  the  wave  motion  is  simple  dilation 
in  all  directions  the  assumption  is  good.  It 
can  be  made  correct  for  such  0  simple  mode  of 
oscillation  in  an  isotropic  prism  by  an  appro¬ 
priate  adjustment  of  the  modulus  E.  For  any 
other  mode  of  distortion  the  appropriate 
modulus  of  elasticity  may  be  different  in  diff¬ 
erent  directions.  An  improved  approximation 
will  be  found  in  the  equation: 


f  =  1 _ 

2p 


w 


This  approximation  is  an  improvement  but  re¬ 
quires  that  the  mode  of  distortion  be  known  in 
order  that  the  proper  elastic  moduli  be  chosen. 

Certainly  if  the  material  is  not  isotropic 
the  elastic  moduli  in  the  three  directions  will 
not,  in  general,  be  the  same.  Any  adequate 
approximate  solution  would  require  the  recog¬ 
nition  of  this  in  the  expression  for  the  moduli. 

Additionally  in  an  anisotropic  medium  the 
very  anisotropy  causes  a  driven  mechanical 
distortion  of  one  kind  to  be  coupled  into  simul¬ 
taneous  distortion  of  another  kind.  In  quartz, 
especially  in  rotated  cuts,  a  pure  body  shear 
or  a  pure  face  shear  or  a  pure  extension  is  not 
excited  by  the  field  between  the  electrodes,  but 
simultaneously  a  whole  complex  of  kinds  of  dis¬ 
tortions  that  the  desirable  temperature  co¬ 
efficients  of  certain  cuts  are  generated.  Each 
of  the  distortions  has  its  appropriate  modulus 
so  a  complete  expression  would  have  to  be  much 
more  complex  than  this  one.  It  is  possible  to 
direct  the  analysis  of  a  particular  resonant 
state  to  a  more  accurate  conclusion  than  this 
formula  yields.  No  other  presentation  is  more 
directly  accessablc  to  physical  intuition  or 
displays  the  correlations  of  experience  more 
clearly. 

Epilogue  3 

The  dimensional  ratio  chosen  as  optimum 
for  the  rectangular  electrode  has  the  mathe¬ 
matical  property  that  the  formula  frequencies 
of  fmij  and  fmJ£  arc  equal.  The  ratio,  first 

chosen  for  this  reason,  was  further  justified 
by  the  argument  that  this  ratio  yields  the 
largest  unit  capacitance  for  a  given  plate- 
back  with  only  a  single  response.  The  latter 
criterion  is  frequently  of  great  practical 
importance. 

It  is,  however,  true  that  the  frequencies 
can  never  actually  be  equal.  There  will  be  in 
actuality  the  same  number  of  responses  in  the 
electroded  plate  due  to  the  electrode  as  thore 
are  with  square,  round,  elliptical  or  any  otner 
shape  of  electrode.  Every  attempt  to  cause  a 
pair  of  responses  to  coalesce  will  be  frustrated 
due  to  the  couplings  between  all  the  various 
modes  of  motion. 

When  resonators  on  the  same  frequency  are 
coupled,  the  resonance  is  split  and  maxima  of 
response  appear  spaced  symmetrically  above  and 
below  the  Isolated  resonant  frequency  of  either. 
Tills  well-known  pattern  is  uniform  In  all  in¬ 
stances,  causing  alike  the  double-humped  re¬ 
sponse  of  the  ordinary  superlietrodyne  radio 


receiver  and  the  fine  structure  of  atomic 
spectra. 

The  response  does  split  and  the  separation 
of  the  two  peaks  resulting  is  a  measure  of  the 
coefficient  of  coupling  between  the  two  modes. 
During  our  investigation,  still  incomplete,  of 
the  discrepancy  highlighted  in  the  body  of  the 
paper  between  the  magic  numbers  derived  alge¬ 
braically  and  empirically,  a  value  for  this 
coupling  of  approximately  6  x  10“^  has  been 
indicated. 
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Summary 

Design  considerations  of  a  low-frequency 
quartz  resonator  to  be  used  in  an  electronic 
wrist- watch  are  discussed.  Among  the  most 
difficult  problems  are  the  low-loss  and  reason¬ 
ably  shock-proof  suspension  as  well  as  the  en¬ 
capsulation  within  the  very  rigid  dimensional 
requirements.  Other  considerations  involve 
the  choice  of  the  operating  frequency,  the  elec¬ 
trode  configuration,  the  crystal  cut  and  the 
ensuing  temperature  behavior.  The  principal 
characteristics  of  a  crystal  unit  of  1.070  x 
0.260  x  0.110  inches  overall  external  dimension 
will  be  discussed.  In  conclusion,  the  other  es¬ 
sential  elements  constituting  the  quartz  wrist- 
watch  are  mentioned. 

Introduction 

The  advent  of  integrated  circuits  lias 
opened  up  new  possibilities  for  miniaturization 
of  electronics  in  the  dimensional  range  conform¬ 
ing  to  wrist-watches.  The  question  is  therefore 
open  whether  or  not  such  integrated  circuits, 
together  with  other  elements,  can  contribute 
towards  a  wrist-watch  of  improved  characteris¬ 
tics  as  compared  to  existing  mechanical,  elec¬ 
trical  or  electronic  watches. 

Quartz  Frequency 

One  is  tempted  by  the  excellent  properties 
of  the  quartz  crystal  oscillator  to  consider  it 
os  a  regulating  device  for  such  a  wrist-watch. 
The  oscillator  frequency  will  have  to  be  counted 
down  to  a  value  suitable  to  drive  an  electrome¬ 
chanical  transducer  actuating  the  hands.  To 
simplify  the  integrated  counter  circuitry  and 
also  'o  minimize  its  power  consumption,  we 
are  interested  in  an  oscillator  frequency  as 
low  as  possible.  Tins  leads  us  to  consider 
flexure-mode  quartz  resonators. 


Dimensional  requirements  for  the  quartz  on 
the  other  hand  suggest  the  use  of  high  frequen¬ 
cies,  so  that  we  must  search  for  a  reasonable 
compromise. 

For  a  man's  wrist-watch  the  length  of  the 
quartz  bar  cannot  exceed  25  mm,  A  minimum 
allowable  thickness  of  0.8  mm  has  been  assu¬ 
med  to  assure  adequate  soldering  connections 
of  the  suspension  wires.  The  frequency  formu¬ 
la  for  flexure-mode  resonators  then  yields 

f  =  5800  -y-  =  7400  Hz 

r 

as  the  lowest  admissible  resonator  frequency. 
Since  our  counter  circuits  under  development 
are  based  on  binary  logic  elements  and  the 
possibility  of  a  1  Hz  counter  output  frequency 
seems  important  the  binary  frequency  value 
of  2  =  8192  Hz  wpas  chosen. 

Oscillating  Mode 

Among  the  three  w'ellknow'n  methods  for 
flexure-mode  excitation  the  NT  type  was  exclu¬ 
ded  because  of  its  higher  frequency  lor  a  given 
length.  The  Curie-strip,  which  wrould  bf  attrac¬ 
tive  because  of  its  high  coupling  coefficient, 
does  not  appear  practical  due  to  the  very  small 
thickness  dimension.  Additionally,  the  solder 
joint  between  the  two  quartz  halves  would  undu¬ 
ly  derate  the  resonator  performance. 

A  praetica'  solution  is  offered  by  the  XY  mode, 
whose  elect  ode  geometry  is  shown  in  Fig,  1. 
Isolation  bet\  een  X  and  V  surface  meialisations 
is  obtained,  where  required,  by  a  mechanical 
angiing  operation  with  a  diamond  lile.  The  four 
transverse  isolating  bands  are  produced  by 
appropriate  masking  during  evaporation. 


Mounting  and  Encapsulation 

The  major  problems  involved  in  the 
development  of  a  high  quality  crystal  resonator 
of  such  small  dimensions  lie  in  its  suspensicn 
and  encapsulat.on. 

Figures  2  and  3  illustrate  a  laboratory 


type  encapsulation,  which  lias  given  good  results. 
It  utilises  a  copper  housing,  containing  four 
miniature  glas  feed-throughs.  Two  copper 
tubings  are  attached  to  allow  circulation  of 
liquid  cleaning  agents  after  mounting  and  encap¬ 
sulation  and  to  allow  evacuation  and  sealing  by 
cold-weld  pinch-off. 


One  of  the  most  important  requirements  for  a 
practical  watch  application  is  a  satisfactory 
shock  resistance.  Present  tests  show  that  a 
free  fall  through  1  meter  on  a  hardwood  floor 
does  not  cause  destructive  effects.  Prolonged 
tests  on  a  centrifuge  at  4  50  g  acceleration 
show  frequency  changes  smaller  than  10'  ’  due 
to  static  deformation  of  the  quartz  suspension, 
What  is  more  important,  however,  is  the  fact 
that  to  an  accuracy  of  10' 1  no  permanent  fre¬ 
quency  changes  are  observed.  This  indicates 
that  the  quartz  is  roasonally  shock-proof  for 
normal  watch  use,  where  the  statistic.  iow 
that  practically  all  shocks  pioduce  accelera¬ 
tions  below  10  g. 

Improvement  of  the  shock  resistance  calls  for 
a  more  rigid  quar’z  suspension,  ’tut  this  in 
turn  has  a  degrading  effect  upon  the  resonator 
performance.  Due  to  the  miniaturization  of  the 
quartz  slab,  the  suspension  wires  become  a  non- 
negligeabie  part  of  die  resonating  system.  With 
larger  diameter  suspension  wires  a  higher  frac¬ 
tion  of  the  total  stored  energy  of  the  resonator 
is  in  t he  suspension  system  bringing  about  an 
increased  mfluence  of  t he  metal  wires  and  sol¬ 
der  joints  upon  resonator  performance. 

Affected  primarily  are  the  Q-tactor,  the  tempe¬ 
rature  characteristic  and  the  aging  rate. 

Temperature  Characteristics 

The  wcllknown  temperature  characteristic 
of  the  lleMire-modc  quail/  is  a  parabolic  beha¬ 
viour  ol  the  lorin 
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where  the  quadratic  temperature  coefficient  is 
approximately  (3=  3.7  x  1 0'®/°C^.  The  inver¬ 
sion  temperature  T0  is  chosen  by  the  appropria¬ 
te  crystal  cut  of  X  +  4°  to  correspond  to  the  ave¬ 
rage  operating  temperature  of  the  watch  on  the 
wrist,  i.e.  approximately  28CC. 


Figure  4  shows  such  a  temperature  characteris¬ 
tic.  For  extreme  precision  a  temperature  com¬ 
pensation  network  consisting  of  NTC  and  PTC 
resistors  and  capacitors  may  be  connected  to 
the  quartz  in  order  to  provide  a  phase  vs  tempe¬ 
rature  function  having  frequency  compensating 
effect.  The  result  of  this  is  shown  in  the  double 
humped  dashed  curve. 


Figure  5  shows  an  interesting  correlation  be¬ 
tween  temperature  behaviour  (T  ),  Q-factor 
and  the  location  of  the  suspension  points.  A  se¬ 
ries  of  resonators  was  fabricated  and  the  sus¬ 
pension  points  were  carefully  varied.  A  maxi¬ 
mum  Q  exceeding  100 '000  is  obtained  for 
L’=  5  mm  indicating  the  situation  where  the 
quartz  suffers  the  least  amount  of  degradation 
due  to  suspension  wire  losses.  We  note  that 
the  analytical  calculation  of  the  nodal  point 
yields  L'  =  0,224  x  23.8  =  5.3  mm. 

In  the  optimum  situation  TQ  comes  closest  to 
the  value  expected  for  the  quartz  alone.  Due  to 
the  negative  tempei  tture  coefficient  of  the  me¬ 
tal  suspension  wires,  the  experimentally  obser¬ 
ved  decrease  of  To  is  understandable  for  those 
situations  where  more  oscillation  energy  is 
contained  in  the  wires. 

These  considerations  offer  a  simple  practical 
way  for  resonator  optimization  with  regard  to 
the  suspension. 

Frequency  Adjustment 

In  a  practical  watch  the  oscillator  frequen¬ 
cy  shall  be  slightly  adjustable  to  permit  compen¬ 
sation  of  manufacturing  tolerances  and  aging 
effects.  This  has  been  realized  at  the  prototype 
stage  by  a  capacitor  CP  connected  in  series 
with  the  quartz. 
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Figure  6  shows  the  equivalent  circuit  of  the 
quartz  with  the  regulating  capacitor  C8.  The 
characteristic  values  are: 

C  =  7. 8  10‘3  pf 

L  =  4,8  104  Henry 

R  =  25  k  ohm 

Cq  =  8  pf 

The  frequency  deviation  is  plotted  vs  Cs  and 
various  incremental  capacitor  values  C2-C8 
are  chosen  to  correspond  to  equal  frequency 
steps  of  0.2  seconds/day,  The  miniaturized 
realization  of  these  capacitors  uses  the  integra¬ 
ted  MOS  technique. 


Figure  7  illustrates  the  silicon  chip  containing 
the  set  of  capacitors  with  a  total  value  of  420pf. 


Performance  Characteristics 

Performance  characteristics  of  the  entire 
watch,  that  have  not  yet  been  mentioned  and 
which  are  mainly  determined  by  the  quartz, 
are  given  by  the  following  table 

Dimensions  of  movement  28.2x25,0x5,3  mm 
Short  term  stability  0,01  sec/day 

Position  error  0,04  sec/day 

Error  due  to  support  mass  0,02  sec/day 
Aging  0.2  sec/day  per 

year 


Isochronism  (for  V/V=107<j  0,1  sec/day 
Barometric  error  0 

Tolerable  ambient  magnetic 

field  60  Oe 

Current  consumption  at  1,35V  16  pa* 

Battery  life-time  (for  WH-3)  14  months* 

where  it  should  be  reemphasized  that  apart 
from  precision  the  overall  dimensions  and  the 
energy  consumption  constitute  the  novel  and  dif¬ 
ficult  problem  areas. 
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Figure  8  illustrates  a  practical  test  of  a  proto¬ 
type  watch  while  it  was  worn  over  a  period  of 
one  month.  Apart  from  a  systematic  error, 
which  can  in  principle  be  compensated  we  note 
an  uncertainty  of  less  than  one  second  per 
month. 


Conclusion 

In  conclusion  the  quartz  shall  be  placed 
in  context  with  the  overall  watch  system.  Figu¬ 
re  10  gives  a  schematic  diagram  of  two  such 
systems  that  have  been  realized.  System  B&ta  1 
divides  the  quartz  frequency  down  to  a  0.5  Hz 
value  suitable  to  drive  an  electrodynamic  step¬ 
ping  motor  which  performes  one-second  steps 
in  response  to  bipolar  current  pulses. 


*  for  B§ta  2  type  watch  system,  as  illustrated 
in  the  following  paragraph 
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bled,  these  two  parts  form  the  complete  move¬ 
ment  as  illustrated  by  Figure  11, 


nr,  1 1  •»?  HM*  3  mnwmiti, 


The  system  called  Beta  2  divides  the  quartz  fre¬ 
quency  to  an  intermediate  value  of  256  Hz  where 
it  is  utilized  to  drive  a  resonant  electro-mecha¬ 
nical  vibrator  actuating  the  watch  movement  by 
means  of  a  ratchet  mechanism. 


Figure  10  shows  a  photograph  of  the  B&ta  2  type 
watch  movement,  in  two  functional  parts: 

The  quartz  and  the  integrated  circuits  mounted 
on  a  printed  circuit  card  form  the  electronic 
part.  The  electromechanical  part  contains  the 
battery  housing,  the  electromagnetic  transdu¬ 
cer,  the  vibrator  with  the  ratchet  mechanism, 
the  necessary  gears  to  actuate  the  three  hands 
and  the  hand-settingmcchunism.  When  assem- 


Figure  12  shows  the  external  appearance  of  the 
Beta  2  prototype  when  mounted  into  an  experi¬ 
mental  watch  case  for  practical  testing. 

Manufacturing  of  this  relatively  complex  watch 
at  reasonable  cost  poses  many  challenging  pro¬ 
blems,  However,  simplifications  and  compromi¬ 
ses  are  possible  so  that  a  competitive,  high- 
performance  quartz  wrist -watch  is  coming  into 
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the  realm  of  practical  reality. 

The  experimental  quartz  slabs  described  have 
been  fabricated  bv  Ebauches  S.A. ,  Neuchatel, 
Switzerland, 


Tiie  author  wishe<-'  to  give  credit  to  Messrs. 

A.H.  Frei,  J.  Hermann  and  L,  Omlin,  who  have 
contributed  with  dedication  and  patience  to  the 
solution  of  this  tedious  and  very  delicate  minia¬ 
ture  quartz  problem. 


I 


r 


r 

i 

> 

I 

l 

\ 

I 

s 

X 

% 

? 

S' 

I 

» 


$ 


B 


■i 

f- 

f; 

"! 

l 

i 


¥ 

I 

\ 

S- 


LASER  MACHINING  THIN  FILM  ELECTRODE  ARRAYS 
ON  QUARTS  CRYSTAL  SUBSTRATES 

3.  L;  Hokanson 

Bell  Telephone  Laboratories,  Incorporated 
Allentown,  Pennsylvania 


Summary 

The  feasibility  of  laser  machining  AT-cut 
quartz  crystal  electrode  arrays  for  performing 
vernier  adjustments  to  both -the  frequency  of  indi¬ 
vidual  resonators  and  bandwidth  of .monolithic 
crystal  filters  has  been  demonstrated.  The  fre¬ 
quency  has  been  adjusted  (upward  only)  by  vapor¬ 
ing  spot  patterns  on  the  electrode  surface.  The 
bandwidth  has  been  adjusted  (downward  only)  by 
removing  material  from  the  edge  of  one  electrode 
and  by  removing  bits  of  mass  from  a  stripe  of 
metal  evaporated  between  two  adjacent  resonators . 
Laser  machining  has  also  been  used  to  produce 
divided  electrodes  on  extensional  and  flexural 
vibrators.  It  is  a  noncontact  process  which  can 
be  carried  out  in  air  and  without  any  apparent 
long  range  damage  to  the  substrate. 

Introduction 

Thin  metallic  films  have  traditionally  been 
used  to  excite  quartz  resonators,  and  in  many 
cases  act  as  a  vernier  adjustment  on  the  resonant 
frequency.  In  the  case  of  monolithic  crystal  fil¬ 
ters,  the  electrode  geometry  and  surface  mass 
loading  serve  to  control  the  bandwidth,  band  shape 
and  the  activity  of  unwanted  anharmonic  mode  re¬ 
sponses.  Tighter  requirements  on  final  frequen¬ 
cies  and  the  maximun  suppression  of  unwanted  reso¬ 
nances  place  stringent  requirements  on  electrode 
shapes  and  thicknesses  for  many  present  resonator 
designs.  Heretofore,  the  alteration  of  electrodes 
deposited  on  quartz  substrates  without  having 
deleterious  effects  to  the  resonator  performance 
has  been  very  difficult.  It  now  appears  that 
laser  machining  of  these  metallic  electrode  ar¬ 
rays  to  change  resonator  shape  and  electrode  mass 
loading  can  be  realized  through  the  use  of  a  neo¬ 
dymium  doped  yttrium-aluminum-garnet  (YAG)  laser 
without  eny  apparent  damage  to  the  quartz  itself. 
(The  feasibility  of  removing  or  machining  evapo¬ 
rated  films  has  been  reported  in  Refs.  1.  2,  and 
3).  The  machining  is  accomplished  by  (1)  pulsing 
or  Q  switching  the  laser  with  a  repetition  rate  up 
to  a  few  kHz,  (2)  focussing  the  beam  on  the  crys¬ 
tal  electrode,  and  - (3)  traversing  the  sample 
through  the  laser  beam.  By  varying  the  pulse 
repetition  rate  and  speed  with  which  the  crystal 
Is  traversed. through  the  laser  beam,  the  electrode 
may  be  removed  in  strips  or  in  small  individual 
spots. 


This  paper  will  describe  the  use  of  such  a 
laser  machining  arrangement  to  adjust  the  fre¬ 
quency  of  individual  resonators,  and  the  frequency 
and  bandwidth  of  monolithic  crystal  filters  by 
selectively  removing  portions  of  metal  electrodec 
evaporated  on  the  crystal  faces.  This  technique 
has  also  been  used  to  produce  divided  electrodes 
on  extensional  and  flexural  vibrators.  The  pro¬ 
cess,  however,  is  not  without  its  own  limitations, 
and  these  also  will  be  discussed. 

Experimental  Apparatus 

The  laser  machining  apparatus  used  in  this 
work  is  shown  schematically  in  Figure  1.  The 
heart  of  the  system  is  a  continuously  pumped 
yttriun-aluminum-garnet  (YAG)  laser  oscillating  in 
a  transverse  mode.  The  laser  is  Q -switched  by 
means  of  an  acoustooptic  deflector  mounted  on  the 
rear  mirror (^>5)  which  permits  the  varying  of  the 
laser  pulse  repetition  rate  from  1  Hz  up  to  It  kHz. 
The  Q-switched  output  consists  of  a  train  of 
pulses  with  peak  power  approaching  500W  and  a 
pulse  duration  of  about  250  nsec,  at  the  half 
power  point.  The  output,  at  1.06  microns  in  wave¬ 
length,  is  monitored  by  means  of  a  photomultiplier 
tube  located  behind  the  cavity  which  detects  the 
pulse  shape,  and  is  used  in  conjunction  with  a 
thermopile  which  measures  mean  power.  From  these 
two  measurements  the  peak  power  of  the  laser  pulse 
may  be  calculated. 

The  beam  is  focussed  on  the  crystal  elec¬ 
trode  by  means  of  an  objective  lens  and  the  ma¬ 
chining  operation  is  viewed  by  means  of  a  closed 
circuit  television  system.  A  pair  of  beam  split¬ 
ter  mirrors  permit  both  tho  illumination  of  the 
sample  and  TV  viewing.  A  23  mm  microscope  objec¬ 
tive  (10X)  was  used  for  most  of  tho  machining  work. 
This  produces  a  vaporized  spot  size  in  the  elec 
trode  film  of  13  microns  (.5  mil)  in  diameter. 

The  sample  is  mounted  on  a  x-y-z  micropo- 
sitioning  table  which  is  driven  in  the  horizontal 
direction  by  a  variable  speed  motor.  The  other 
two  directions  are  used  for  translating  the  work- 
stage  between  passes  and  for  focussing  the  sample 
under  the  microscope  objective. 

The  machining  operation  is  controlled  by 
(l)  selecting  the  workstage  travel  rate  and  laser 
pulse  repetition  rate  to  produce  the  desired  spot 
center-to-center  distance  and  (2)  adjusting  the 
laser  intensity  be  means  of  neutral  density 
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filters.  Thus,  material-  may  be  removed  by  pro¬ 
ducing  an  array  of  holes  or  a  continuous  line  may 
be  generated  by  a  series  of  overlapping  holes . 
Reindexing  at  the  end  of  each  row  and  repeating 
this  line  machining  permits  the  removal  of  larger 
areas  of  material.  A  photograph  of  the  laser  ma¬ 
chining  permits  the  removal  of  larger  areas  of 
material.  A  photograph  of  the  laser  machining 
apparatus  is  shown  in  Figure  2. 

Experiments  and  Measurements 

In  order  to  ascertain  the  nature  and  effect 
of  laser  machining  on  quartz  crystal  electrode 
arrays  several  experiments  were  performed  to  de¬ 
termine  the  following: 

A.  Multiple  pass  stripe  definition 

B.  Extent  of  damage  to  the  substrate 

C;  Bandwidth  adjustment  feasibility 

D.  Frequency  adjustment  feasibility. 

A.  Stripe  Definition 

The  first  experiment  was  designed  to-ascer- 
taln  the  line  definition  that  could  be  obtained 
during  a  multiple  pass  or  milling  type  operation. 
The  AT-cut  quartz  wafer  used  in  this  experiment 
was  15  mm  in  diameter  with  an  8  micron  surface 
finish,  and  had  a  fundamental  frequency  of  8  MHz. 
The  electrodes  had  the  configuration  shown  in 
Figure  3a,  and  consisted  of  an  evaporated  metallic 
trilayer  composed  of  a  base  layer  of  300  A  of  Cr, 
a  middle  layer  of  6000  A  of  Cu,  and  outer  layer  of 
300  A  of  Au.  A  series  of  three  passes  with  a  0.3 
mil  translation  step  between  passes  was  made  re¬ 
moving  a  total  of  0.9  rail  from  the  region  shown  in 
the  inset.  A  photomicrograph  taken  of  this  region 
is  shown  in  Figure  3b.  An  optical  comparison  of 
the  definition  at  the  machined  electrode  edge  with 
that  of  the  as-plated  edge  indicates  that  the  ma¬ 
chined  edge  is  more  sharply  defined  thus  giving  a 
qualitative  measure  of  the  process  control. 

This  line  machining  technique  has  been  used 
at  the  Western  Electric  Company,  Merrimack  Valley 
to  produce  divided  ■v.iectrodes  on  some  extensional 
and  flexural  vibrators.®  The  units  made  in  this 
manner  passed  500  VDC  -  500  Mohm  breakdown  tests 
indicating  that  no  appreciable  amount  of  metallic 
debris  remained  in  the  machined  area. 

B.  Substrate  Damage 

A  number  of  experiments  were  conducted  to  de¬ 
termine  the  extent  of  the  damage  to  the  quartz  as 
a  result  of  the  laser  machining  process.  The  first 
experiment  involved  the  crystal  units  described  in 
the  previous  section.  The  resonator  frequency, 
inductance,  and  Q  of  the  crystal  units  were  mea¬ 
sured  and  compared  to  values  obtained  prior  to  the 
machining  process  to  see  if  any  gros  changes  in 
crystal  unit  electrical  parameters  had  occured. 

No  changes  in  resonator  inductance  or  Q  could  be 
detected.  The  frequency  of  the  resonator  increased 
In  accordance  with  that  expected  free  the  amount 
of  mass  removed  from  the  electrode.  Thus,  as  for 
as  could  be  determined,  no  adverse  affects  on 


crystal  unit  electrical  parameters  could  be  de¬ 
tected. 


The. second  experiment  Involved  a  laser  ma¬ 
chined  crystal  which  had  polished  major  surfaces 
and  had  beer,  plated  in  the  same  manner  described 
in  the  previous  section.  This  sample  did  reveal 
some  irregularities  on  the  substrate  surface  when 
examined  using  interference  contrast  microscopy. 
Figure  Ua  is  a  photomicrograph  taken  at  the  corner 
of  ah  electrode  that  had  been  machined  by  cutting 
a  series  of  lines  in  the  X  direction.  A  photomi¬ 
crograph  of  the  same  area  at  a  higher  magnifica¬ 
tion  taken  after  the  remaining  electrode  had  been 
removed  by  chemical  etching  is  shown  in  Figure  bb. 
The  irregular ity  in  the  machined  path  indicates 
that  local  melting  of  the  substrate  may  have 
occured.  The  sample  was  examined  by  a  Talysurf 
profilemeter,  but  the  depth  of  these  irregulari¬ 
ties  were  masked  out  by  the  surface  scratches  on 
the  substrate.  The  depth  to  which  the  surface  may 
be  disturbed  during  the  machining  process  is  re¬ 
ported  to  be  on  the  order  of  the  film  thick¬ 
ness.  (2,3)  it  should  be  noted  that  quartz  is 
transparent  to  radiation  at  1.06  microns  and  is 
not  damaged  by  the  direct  impingement  of  the  laser- 
beam  on  its  surface.  In  this  same  vein,  the  laser 
machining  process  could  be  performed  through  a 
glass  bulb  enclosure.  The  damage  is  a  result  of 
the  vaporization  of  the  metal  electrodes  from  the 
quartz  surface.  The  extent  to  which  this  damage 
occurs,  however,  is  localized  and  minimal. 


A  third  experiment  was  undertaken  to  deter¬ 
mine  whether  the  first  antisymmetric  anharraonic 
thickness  shear  mode  in  a  quartz  resonator  could 
be  charge  cancelled  by  altering  the  electrode  con¬ 
figuration  using  laser  machining.^'  This  mode 
can  be  charge  cancelled  if  the  positive  charge  due 
to  the  shear  displacement  amplitude  of  the  middle 
antinode  is  balanced  by  the  negative  charge  due  to 
the  two  outer  antinodes.  Since  this  experiment 
involved  the  removal  of  a  considerable  amount  of 
electrode  material,  a  comparison  of  the  static 
X-ray  diffraction  topographs (°)  taken  before  and 
after  machining  was  made  to  see  if  any  substrate 
damage  could  be  detected. 


The  resonator  used  in  this  experiment  is 
shown  in  Figure  5-  The  plate  was  a  15  mm  square 
AT-cut  quartz  wafer  at  3-3  MHz  on  which  a  strip 
electrode  b  mm  wide  had  been  plated  along  the  x^ 
axis.  The  mass  loading  due  to  the  electrodes  was 
0.5$.  Figure  6  shows  the  frequency  scan  of  this 
unit  along  with  the  X-ray  diffraction  topographs 
of  (1)  the  static  or  nonvibrating  plate  which  will 
be  used  for  comparison  purposes  with  the  machined 
unit,  (2)  the  fundamental  thickness  shear  mode  and 
(3)  the  first  antisymmetric  enharmonic  thickness 
shear  mode,  the  mode  we  wish  to  charge  cancel. 

To  charge  cancel  this  unwanted  mode  the  elec¬ 
trode  strip  was  shortened  to  the  midpoint  of  the 
two  end  antinodes  by  laser  machining  the  ends  of 
the  strip.  3y  doing  this  the  positive  charge  due 
to  the  middle  antinode  will  be  balanced  by  the 
negative  charge  contributions  from  the  two  end 
antinodes.  This  is  shown  schematically  in  Figure  7. 


A  narrow  tab  was  left  along  the  center  of  the 
strip  to  maintain  electrical  continuity.  The  po¬ 
sitions  of  the  three  antinodes  of  the  enharmonic 
mode  seen  in  Figure  6  have  been  superimposed  on 
the  schematic  of  the  laser  machined  electrodes. 

The  frequency  scan  of  this  crystal  after  laser 
machining  in  the  above  described  manner  shows  that 
the  unwanted  enharmonic  mode,  labled  "S",  has 
nearly  vanished.  The  frequency  of  the  fundamental 
mode  was  raised  slightly,  and  the  strength  of  the 
other  unwanted  responses  were  altered.  The  topo¬ 
graph  of  the  static  plate  does  not  give  any  indi¬ 
cations  of  l&ser  damage  to  the  quartz. 

C.  Bandwidth  Adjustment 

A  number  of  techniques  can  be  proposed  for 
the  adjustment  of -the  inter-resonator  coupling 
(and  hence  bandwidth)  of  a  monolithic  crystal  fil¬ 
ter  after  the  initial  electrode  array  has  been  de¬ 
posited.  These  include  schemes/for  altering  the 
thickness  of  the  quartz  such  as  using  abrasives, 
and  altering  the  geometry  of  the  electrode  array 
and  the  distribution  of  electrode  mass. 

Two  methods  for  altering  the  geometry  of  the 
electrode  array  using  laser  machining  are  shown 
schematically  in  Figure  8.  The  first  method  in¬ 
volves  a  machining  operation  at  the  edge -of  an- 
eiectrode,  and  the  second  involves  the  removal 
of  mass  from  a  stripe  of  metal  evaporated  between 
adjacent  resonators. 

To  test  the  first  method  the  edge  of  one  top 
electrode  was  machined  a  distance  of  3.5  mils  (10‘ 
passes)  as  indicated  in  Figure  8a.  This  operation 
Increases  the  effective  separation  between  resona¬ 
tors.  The  inter-resonator  coupling  of  this  sub¬ 
system  decreased  10$.  Had  the  bottom  electrode 
been  machined  in  the  some  manner  as  the  top  elec¬ 
trode  the  decrease  in  coupling  computed  from  our 
theoretical  model (9)  indicates  that  a  17$  decrease 
in  coupling  would  be  expected.  Thus,  the  increase 
In  the  separation  of  only  the  top  electrode  pair 
had  about  half  the  effect  on  coupling  as  that  pro¬ 
duced  by  increasing  the  separation  between  resona¬ 
tors. 

The  second  method  for  bandwidth  control  in¬ 
volves  a  stripe  of  metal  evaporated  between  two 
adjacent  resonators  and  its  subsequent  removal  as 
indicated  in  Figures  8b  and  8c.  The  effect  of 
this  stripe  is  shown  schematically  in  Figure  9. 

The  stripe  lowers  the  cutoff  frequency  in 
the  region  between  the  two  resonators  aw  alters 
the  normal  mode  frequencies  of  this  coupled  sys¬ 
tem.  Numerical  results  obtained  from  our  theoret¬ 
ical  model *9)  show  that  the  frequency  of  the  anti¬ 
symmetric  mode,  fg,  is  lowered  slightly,  while  on 
the  other  hand  the  frequency  of  the  symmetric 
mode,  fj_,  is  lowered  considerably.  Thus,  as  the 
mass  loading  on  this  stripe  is  increased,  the 
bandwidth  of  the  monolithic  crystal  filter  is  in¬ 
creased;  i.e.,  the  frequency  difference  between 
these  two  normal  modes  has  been  increased.  It 
should  be  noted  that  the  measured  individual  reso¬ 
nator  frequencies,  fa,  also  have  been  lowered  in 


the  process  thus  lowering  the  midband  frequency 
of  the  filter.  This  difficulty  may  be  overcome 
by  technique  described  in  Figure  10. 

The  procedure  relies  on  the  difference  in 
effect  of  mass  placed  bn  the  trimming  stripe  and 
mass  placed  on  the  electrodes.  The  mass  placed 
on  the  stripe  has  the  effect  of  raising  the  band¬ 
width  about  the  same  order  of  magnitude  as  it 
lowers  the  midband  frequency.  Mass  placed  on  the 
electrodes,  on  the  other  hand,  can  lower  the  mid- 
band  frequency  a  large  amount  while  having  little 
effect  on  bandwidth.  By  adjusting  the  inter- 
resonator  coupling,  first,  and  the  frequencies  of 
the  resonators  second,  both  correct  bandwidth  and 
band  location  can  be  achieved. 

The  method  of  bandwidth  adjust  by  laser 
trimming  is  illustrated  in  Figure  11.  It  con¬ 
sists,  simply  of  removing  portions  of  mass  from 
the  stripe  of  metal  between  the  resonators.  The 
computed  and  measured  effects  of  this  removal 
process  by  laser  machining  are  shown  by  the  solid 
line  and  circles  respectively. 

D.  Frequency  Adjustment 

The.  frequency  trimming  operation^ consists  of 
vaporizing  a  regularly  spaced  array  of  holes  such 
as  the'  pattern  shown  schematically  in  Figure  12. 
The  amount  of  frequency  increase  is  approximately 
proportional  to  the  number  of  holes  in  the  array. 
This  technique  was  carried  out  on  two  types  of 
5  MHz  oscillator  crystal  units— one  operating  on 
the  fundamental  thickness  shear  mode,  the  other 
operating  on  the  fifth  overtone  of  the  thickness 
shear  mode.  The  plateback  on  the  fundamental 
unit  was  2$  while  that  for  the  fifth  overtone 
unit  was  0.1$.  .For  the  particular  array  shown 
the  fundamental  unit  increased  in  frequency  6  Hz 
per  row  of 'holes  (about  150  holes)  or  about 
4xiO'2Hz/hi'le.  The  overtone  unit  measured  after 
generating  55  rows  of  holes  increased  in  frequency 
25  Kz  or  about  2x10 '3i;z /hole.  A  photograph  of 
the  actual  hole  pattern  is  shown  in  Figure  13 . 

The  inductance  and  Q  of  both  units  were  unaffected 
by  the  machining  operation. 
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AB3  TRACT 

This  paper  daecrlbea  the  computerisation  of  a 
proceaa  to  produce  synthetic  quart*  by  hydrothermal 
crystallization.  In  formulating  the  general  pro¬ 
gram  it  vaa  decided  to  use  th«  conputer  not  only 
«s  a  control  device  but  also  aa  a  storage  facility 
fer  all  engineering  information  concerned  with 
this  process.  To  accomplish  this  aspect  of  the 
progra'i,  ell  process  variable*  were  reduced  to 
functions  of  growth  rate  and  acoustic  lo3«  (Q’l). 
Thus,  the  crystallization  of  certain  types  of 
quartz  crystal*  may  be  expreatad  in  simple 
equation  fora.  These  process  equation*  are  also 
uoed  as  the  kuala  for  the  control  of  programmed 
crystal  growth  in  which  th  >  operational  ’'triable* 
of  teaperature  and  pre**u~e  are  changed  during 
the  cryetnlllsetlon  cycle  In  accordance  with  a 
suitable  process  equation. 

A  G.  E.  4050  coaputtt  was  chosen  as  the 
control  device.  Certain  aspect*  of  this  machine 
which  influenced  its  choice  are  described.  A 
description  of  the  software  Is  presented  and  Jhf 
various  programs  required  for  routine  operation 
are  discussed.  Most  of  the  control  effort  Involved 
the  use  of  a  control  algorithm.  The  development 
and  uae  of  this  algorithm  is  presented.  Finally, 
an  economic  appraisal  of  direct  digital  control 
Is  developsd  a compared  to  such  schemes  as 
supervisory  control  and  the  use  of  mchenictl 
case  to  generate  s  temperstcre  profile  for  the 
crystallization  cycle. 

INTRODUCTION 

Recent  investigations  have  shown  that  it  is 
potsil-'e  to  esuse  r  lie  uniformity  et  btsal  cut 
synthotic  quertz  crystals  to  bt  increased  by 
dunging  the  temperatures  during  the  growth  cycle 
(1).  Attempts  to  apply  chi*  technique  to  suveial 
autoc'avei  have  shown  that  i'.  s  necessary  tv 
have  some  >vpe  of  automatic  dsvlce  to  effect  the 
temperature  changes.  Efforts  to  gr  v  different 
types  of  quartz  crystals  nave  jhw  :  hat  it  is 
iften  necessary  to  employ  vessel.-  ot  difier^nt 
designs  than  had  previews ly  been  used  (2,3).  In 
the  Jestern  Electric  Co.,  various  tipes  of  auto¬ 
claves  are  In  use  for  specific  purposes  (2>.  L'se 
ot  autoclaves  of  different  designs  has  shown  that 
rney  canno’  be  controlled  o  the  same  degree  of 
tlexlbil.ty  or  in  some  cases  accuracy  when  using 
j  standard  analo-  control  panel,  ".hts  is  due  to 
the  'act  that  these  types  of  facilities  are 
•a'allv  designed  to  control  a  specific  tvpe  of 


autoclave  so  that  when  the  design  of  the  vessel 
la  changed  the  control  becomes  less  precise.  T’  e 
nature  of  quartz  growing  is  auch  that  while  con¬ 
siderable  experience  1*  neceeeery  to  completely 
understand  the  process,  when  the  autoclaves  are 
running,  the  proctsa  docs  not  require  complete 
engineering  attention.  Advantnge  would  be 
obtained  if  it  were  possible  to  store  previously 
developed  engineering  knowledge  to  that  Inform¬ 
ation  could  be  losiedlacely  obtained  when  needed. 

If  it  were  desired  to  construct  an  additional 
growing  facility  It  would  be  helpful  to  have 
engineering  knowledge  available  so  that  the 
training  pa. iod  of  now  personnel  would  be  kept 
to  a  minimum.  An  econoay  would  result  by  hiving 
a  centrally  located  conputer  to  control  the 
growing  process ,  With  auch  a  device  variously 
located  growing  facilities  could  be  controlled 
frej  one  location.  Additionally,  by  utilizing 
direct  digital  control  with  a  control  algorithm, 
various  types  of  vessels  could  be  convenient 1\  and 
accurately  controlled.  Finally,  because  of  the 
ability  to  store  scientific  experience  It  is 
possible  to  perform  designed  experiments  based 
upon  this  previously  obtained  knowledge.  A 
computer  with  its  fast  operation  is  well  eunlp,  •<! 
to  perform  this  task. 

EXPERIMENTAL 

The  principal  obstacle  In  computer l tine  a 
physical  process  such  as  the  growth  of  Quart z 
crystals  is  the  reduction  of  the  process  to 
mathematical  relationships  or  sufficient  simplic¬ 
ity  to  be  entered  on  a  program  w< ch  some  facilitc. 
It  was  decided  to  attempt  to  characterize  the 
process  In  terms  of  growth  rate  snd  Q,  snee  these 
variables  are  the  ones  of  greatest  interest  when 
considering  the  individual  merit  of  a  grown 
crystal.  Bs.ause  there  are  many  other  operating 
variables  which  contribute  to  the  ultimate  Q 
snd  growth  properties  of  a  given  crystal,  it  soot 
developed  that  some  techniques  must  be  fornuisted 
».o  circumvent  this  myriad  of  procees  variables. 

It  was  found  that  this  could  be  accomplished  b\ 
choosing  specific  operating  conditions  that  pro¬ 
duced  a  crystal  of  Interest  snd  by  building 
around  these  conditions,  process  equations  ot 
utility  snd  of  sufficient  simplicity  to  be  pro¬ 
grammable.  With  this  scheme  the  piocess  » a\  now 
be  controlled  by  a  process  equation  at  least  for 
the  crysta 1 llzat Ion  governed  bv  the  conditions 
of  -he  piocess  equation.  Other  crystals  with 
properties  of  Interest  can  be  handled  In  a 
s  1  st’  1  ar  manner  with  the  final  program  being  a 


a  constantly  changing  flexible  array  of  process 
equations  for  all  sorts  of  crystals  with  vaTious 
usable  properties. 

Two  aspects  of  the  programming  are  of  lig- 
nificance.  These  are  the  development  of  th« 
process  equations  for  the  various  crystal  types 
and  the  control  algorithm  for  the  heater  power 
input . 

As  a  first  step  in  assembly  of  data  required 
for  programming  the  growth  process,  a  curve  was 
constructed  depicting  the  thickness  of  crystal 
as  a  function  of  the  growing  time.  The  operating 
conditions  were  675°P  crystallisation  temperatures 
83. 52  fill  and  70°F  difference  in  temperature  be¬ 
tween  dissolving  and  crystallization  eones.  These 
conditions  were  chosen  after  preliminary  experi¬ 
mental  work  indicated  that  a  good  crystal  could 
be  produced  using  them.  The  curve,  Fig.  1,  was 
constructed  by  performing  Interrupted  runs,  that 
is ,  terminating  the  runs  at  specific  time  incre¬ 
ments  and  recording  the  thickness  of  the  crystals 
at  the  end  of  these  Increments.  After  the  data 
was  plotted,  an  equation  of  the  type  (1)*: 
n 

G  -  TJ  «itl  (1)  was  developed 

i-0 

Where , 

C“  crystal  growth  (inches) 
t«  time  (days) 

a"  experimentally  defined  co¬ 
efficients 

l  and  n  are  integers  with 
l"  consecutive  values  from  0  to 

Fitting  of  equation  (1)  was  performed  on  an  IBM 
1620  computer.  The  derlvitlve  of  this  equation, 
dG/dc,  furnishes  the  actual  growth  rate.  The 
limitation  of  equation  (1)  is  for  values  of  t>0.5 
days.  Prior  to  0.5  days  the  seed  is  etching  since 
the  solution  is  still  essentially  NaOH. 

After  the  growth  time  data  has  been  formulated 
it  is  necessary  to  relate  It  to  the  Q  and  Q  dis¬ 
tribution.  For  this  purpose  a  crystal  wai  grown 
under  the  conditions  which  established  equation 
(1).  A  Y  cut  optical  flat  about  P»23  inch  thick 
was  prepared  from  this  crystal  and  scanned  at  3500 
CM"'.  Next  a  shadow-gram  of  thia  flat  was  pre¬ 
pared  and  matched  to  the  3500  CM'*  scan  so  chat 
positions  within  the  growth  region  may  be  identi¬ 
fied  with  0  (th*  3500  CM"1  scan).  This  snslysis 
is  shown  in  Fig.  2.  Knowing  the  magnification 
effect  of  the  camera  and  utilizing  certain  land¬ 
marks  ^principally  the  seed),  the  3500  CM'*  scan 
can  be  divided  into  segments  (numbers  ascending 
in  chronolog- cal  order  on  either  side  of  the  seed) 
proportional  to  thickness  segments  ir.  the  original 
crvrtal.  Fach  of  these  thickness  segments  may  be 
identified  by  a  Q  value  expressed  in  terms  of 

*  f'r  example  lor  the  above  .enpeiature  and 
,>res*ute  c.'-dli  ion  eouatlou  (1)  becomes  t,—o8.i 
■  ■  *'  ' 'T  -6  :'■>  >  10-3r4--(8ee  Hg.  1) 


The  value  is  obtained  by  noting  the  absorption 
difference  between  the  3800  CM"*,  and  3500  CM**. 
Thus  Fig.  2  relates  the  Q  distribution  of  the 
crystal  grown  under  the  conditions  of  equation 
(1)  to  various  thickness  segments  in  the  growth 
region.  With  this  analysis,  the  Q  as  a  function 
of  growth  rate  throughout  the  crystal  may  be 
determined. 

This  information  is  obtained  bv  solving 
equation  (1)  far  t  and  d  (thlckness)/dt  for  each 
of  the  thickness  segments  of  Fig.  2.  After  per¬ 
forming  thia  operation,  the  Q  for  each  thickness 
segment  is  identified  with  its  growth  rate  so 
that  the  Q  as  a  function  of  rate  la  obtained  for 
a  crystal  grown  under  the  operational  conditions 
of  equation  (1).  These  resulto  are  shown  in 
Table  1,  Fig.  3.  Table  1  gives  the  average  grow¬ 
th  rate,  the  final  thickness  of  the  crystal,  the 
Q  distribution  throughout  the  crystal,  the 
average  Q  and  the  range  in  Q.  The  eaujtinns  used 
to  generate  Table  1  are  referred  to  as  process 
equations  for  the  crystallization  dictated  by 
the  temperatures  and  pressures  fitted  to  enuatior. 
(1).  This  crystallization  is  for  the  condition 
of  fixed  operating  temperature.  Other  crystal¬ 
lizations  of  a  fixed  temperature  variety  that  ate 
of  interest  can  be  handled  in  the  same  manner  sc 
that  an  array  of  process  equations  are  assembled 
each  with  a  print  out  such  ns  Table  1  associated 
with  it. 

In  addition  to  thia  information  storage 
ability  it  was  desired  to  use  the  compute:  as  a 
control  device.  In  order  to  accomplish  this  it 
was  necessary  to  arrange  the  machine  so  as  to  fill 
the  role  previously  assumed  by  the  analog  control 
panel.  While  this  was  being  considered,  it  \-as 
desired  to  have  the  computer  remotely  located  from 
the  growing  facility.  This  is  a  desirable  feature 
for  two  reasons:  first,  in  the  event  of  a  violent 
autoclave  failure  an  expensive  device  such  as  a 
computer  would  not  be  destroyed  and  second,  most 
computers  are  sufficiently  large  to  control  large 
numbers  of  autoclaves  and  could  be  used  to  control 
several  remotely  located  growing  iacilities. 
Therefore,  a  computer  was  chosen  that  could  con¬ 
trol  the  growing  facility  by  means  of  telephone 
transmission  lines.  A  diagram  ot  the  physical 
arrangement  to  shown  in  Fig.  4.  Thermocouple 
and  pressure  transducer  voltages  are  fed  to  a 
remote  scanner  which  communicates  with  the  com¬ 
puter  by  telephone  data  sets.  The  computet 
analyzes  the  readings  and  makes  corrections  bv  a 
reverae  loop.  Result#  are  printed  out  on  the  tvper 
when  desired.  Additional  instructions  mav  be 
entered  by  means  of  the  operators  console. 

In  order  to  use  the  computer  as  a  control 
device  it  was  necessary  to  arrange  the  machine  so 
as  to  perform  the  task  previously  performed  bv 
the  analog  control  panel.  The  analog  controllers 
are  continuous  devices  In  that  thev  compare  actual 
and  desired  temperatures,  then  modi  tv  the  power 
input  to  the  autoclave  to  compenaate  for  changes. 

In  the  case  ot  the  present  control  facility  th- 
design  ot  the  controller  is  centered  about  a 


6-inch  autoclave  Chat  was  originally  used  tc  grow 
quart z.  Direct  digital  control  (BBC)  is  unlike 
an  analog  aystc*  la  that  a  tSOC  aye  tea  la  discrete; 
that  is  a  digital  iyetea  will  read  tasiperaturea 
at  diacrate  time  Intervals  w&lhfc  cum*  t«*>arature 
changes  recorded  by  the  ceaputar  to  be  stopviae  to 
avoid  oscillations  (a  periodic  or  sine  wave -like 
wandering  of  actual  temperature  about  the  set 
point).  Cere  suit  be  taken  in  a  digital  aystea 
not  to  over  compensate  for  sudden  changes  in 
racordad  temperature.  The  BBC  algorltbc  cal¬ 
culates  an  input  power  baaed  upon  control  para- 
tcaters  of  tha  procoea  (thcrsal  naas  cf  the  auto¬ 
clave,  pest  tesperature  changes,  difference 
between  tha  desired  end  actual  taapercturo)  to 
change  the  temperature  of  the  autoclave 
asymptotically  to  the  deeired  temperature.  Thors 
are  two  aapecta  of  the  control  function.  These 
consist  of  the  algorithm  itself  which  le  a  sariaa 
of  equations  that  affact  input  current  changes 
and  of  the  autoclava  nodal,  a  mathematical  re¬ 
lationship  which  selves  es  the  constraint  for  tha 
algorithm.  The  model  is  doflnsd  es: 

dy-fay"kx+b  +  c 
dt 

Where 

y  -  temperature  (millivolts) 
t  »  tlaio  (minutes) 

x  “  input  current  to  heaters  (ni Illampu) 
a  “  an  anticipatory  function  based  on 
the  thermal  lag  of  the  voeoel. 
k  «  a  gain  constant 

b  •  e  model -autoclave  factor  relating  the 
model  with  the  actual  autoclave  res¬ 
ponse 

c  »  a  constant 

The  coefficients  a,  k  and  c  were  determined  ex¬ 
perimentally,  but  were  found  to  be  different  for 
different  temperature  ranges  and  autoclave  zonst 
fbottoe  and  top).  Fir  example,  the  valugs  of 
these  coefficients  ere  different  for  100  F  than 
they  are  for  600°F,  also  the  model  is  soc&ewhat 
different  for  ths  bottom  tone  than  the  top. 

Because  of  the  temperature  changes,  the  model  Is 
solved  for  new  values  of  currant  end  new  values 
of  b  every  three  ulnutes.  New  value*  of  s  and  k 
tre  uced  three  times  during  the  entire  growth 
cycle  (twice  during  the  warm-up  cycle  and  once 
during  the  run  Itself  after  equilibrium  is 
established)  because  of  the  nature  cf  tha  auto¬ 
clave.  It  was  found  experimentally  that  at  full 
oower  It  requited  12  minutes  for  the  effect  on 
temperature  to  be  observed.  It  was  further  found 
that  there  ere  a  series  of  pour  Inrut*  that  will 
effect  this  temperature  rise  in  e  given  tiue  period, 
For  example,  a  10  degree  rise  In  temperature  apply¬ 
ing  full  power  can  be  effected  In  e  shorter  fine 
than  17.  input.  A  series  of  these  ceapersture 
Tise-pover  input  curves  were  constnuced  to 
observe  their  torm,  A  representative  aerie#  1* 
shown  In  Fig.  5  from  thu  it  was  found  tiist 
the.e  la  slwav*  a  power  setting  tc  scble-e  a 
g>'e>  tls.-  n  temperature  .n  a  gn."  *ime. 


It  can  be  seen  from  Fig.  5  that  if  one  wished  to 
raise  tha  temperature  10  degress,  one  could  put 
in  full  power  for  a  time,  record  the  temperature 
than  put  in  a  swill  amount  of  power  to  that  the 
temperature  would  not  over  sheet  the  tat  point. 

If  currant  changes  were  made  In  throe  minute 
intervale,  the  initial  effect  on  teepetature 
would  not  be  felt  for  twelve  minutes.  However, 
by  this  time  4  other  changes  would  be  made  to 
that  tha  set  point  tsmparature  le  asymptotically 
reached  end  controlled  by  digital  power  Inputs. 

It  may  be  considered  elao  that  the  algorithm  Is 
effecting  a  quaal-a&aleg  control  over  the  auto¬ 
clave.  Two  examples  of  control  will  be  given  to 
illustrate  the  action  of  the  algorithm  and  the 
model. 

Autoclave  in  run  condltlona 

Consider  the  cate  of  an  autoclave  In  equili¬ 
brium.  For  simplicity,  consider  only  the  top 
zone  of  the  vessel.  Imagine  also  that  the  top 
zone  ia  being  controlled  at  or  near  t  set  point 
of  670°?.  If  the  temperature  Is  low,  the  com¬ 
puter  tenses  this  low  temperature  and  by  means 
of  tha  algorithm  Instructs  a  current  to  be  sent 
to  the  heaters.  This  auount  of  current  Is  thi 
amount  required  to  cause  an  asymptotic  change  in 
60  minutes. *  Three  minutes  later  another  reading 
if,  takan  and  the  power  changed  over  the  original 
setting.  Imagine  the  temperature  for  some  un¬ 
specified  reason  to  be  668°F.  Imagine  further 
that  based  on  previous  and  present  power  inputs 
that  w*  would  still  be  at  668°F  in  twelve  minutes 
or  on*  thermal  time  delay.  This  estimate  is 
performed  by  the  algorithm.  The  algorithm  then 
predicts  the  power  required  to  raise  the  temp¬ 
erature  asymptotically  two  degrees  in  60  minutes, 
Throe  minutes  later  the  algorithm  predicts,  based 
on  this  power  setting,  what  the  temperature 
should  be  and  makes  another  calculation  of  the 
power  requirement  to  raise  the  temperature  to 
the  desired  670°  In  60  minutes.  This  is  repeated 
every  three  minutes  during  the  growth  cycle. 

Autoclave  in  warm-up  condition 

Th#  control  problem  In  the  warmup  condition 
Is  more  complicated  in  that  the  autoclave  is  r.tt 
in  a  steady  state  condition.  Here  we  have  no 
set  point  to  control  about,  but  are  attempting 
to  reach  a  tamp  .ature  level  quite  remote  from 
ioe«  temperature  (700°BT  630°T7  at  which  point 
the  warm-up  heaters  ere  normally  shut  ofi*).  The 
autoclave  Is  started  up  In  the  normal  manner. 

Tha'  Is,  power  Is  supplied  to  the  bottom  zone  In 
Intervals  until  full  power  It  being  supplied. 

The  problem  at  hend  Is  to  control  the  power  input 
to  the  top  zone  so  that  a  difference  of  70°  be¬ 
tween  top  and  bottom  zones  is  preserved.  When 
the  autoclave  reaches  a  50°A  T  from  rest,  a  small 
amount  of  power  (2.0  mllliamps)  ie  supplied  to  the 
top  zone.  This  has  been  found  to  have  a  stabiliz¬ 
ing  effect  on  future  power  Inputs.  When  the  top 
temperature  reaches  3C3°F,  the  bottom  temperstuie 
Is  about  370®P.  The  algorithm  then  predict*  what 
*  An  arbltraiv  time  interval  cho*en  foi  convene  m 
and  other  practical  con»lderat tons . 


the  temperature  will  be  In  60  minutes  in  three 
minute  intervals.  The  top  temperature  will  be 
controlled  at  these  temperatures  -70°  to  establish 
the  70°A  T.  The  temperature  settings  also  have 
a  power  input  to  effect  the  actual  temperature 
change.  With  this  scheme  it  has  been  found  that 
the  maximum  departure  from  set  point  temperature 
is  +  1°F  at  750°F. 

It  has  previously  been  observed  that  the  Q  of 
fast  giovm  basal  crystals  varies  in  quality 
through  all  of  the  crystallographic  regions  of 
the  crystal  xhis  has  been  attributed  to 

impurities  in  the  crystal  which  are  segregated 
in  response  co  variations  in  growth  rate  during 
the  growth  process.  These  variations  in  growth 
rate  are  believed  to  be  a  consequence  of  the 
autoclave  design  and  Its  relation  to  the  growing 
crystal  in  addition  to  the  natural  anisotropic 
nature  of  the  crystal.  For  example,  during  the 
earlv  dsys  of  the  synthesis,  the  size  of  the 
crystal  is  not  sufficiently  large  to  inhibit 
the  efficiency  of  the  convective  flow  of  solvated 
quartz  from  a  large  nutrient  area  dissolving  zone 
to  the  crystallization  zone  of  the  autoclave. 

The  crystals  therefore  grow  at  a  rapid  rate. 

This  effect,  however,  diminishes  with  time  be¬ 
cause  as  the  crystals  grow  they  occupy  an  In¬ 
creasingly  'argei  portion  of  the  upper  autoclave 
zone  and  this  decrease  In  rate  leads  In  turn  to 
,.  rejection  of  Impurities  with  a  subsequent  en¬ 
hancement  in  Q.  Chanping  the  growth  rate  of  the 
crystal  during  the  growth  cycle  then  can  lead  to 
a  more  even  distribution  of  Q  throughout  the 
rvstul.  Bv  changing  the  temperaturo  during  the 
growth  cvcle,  ti.c  rates  may  be  changed  as  well, 
ar.o  it  has  been  found  possible  to  completely 
reverse  the  normal  OH  distribution  in  the  Z  region 
ty  rh-s  technique.  Therefore  it  is  possible  to 
elevnie  the  Q  of  the  cr>etal  in  the  vicinity  of 
tbe  oeeo  and  diminish  the  Q  at  the  outer  Z 
extremity,  leading  to  a  more  even  Q  throughout 
i be  growth.  Hv  reducing  the  time  interval  between 
the  ten  ersture  changes,  a  more  even  OH  distribut¬ 
ion  is  obtainable.  The  consequence  of  this  is  a 
high*-  Q  for  »  programmed  growth  than  an  unpro- 
gn  etc.;  xi  out h  st  an  equivalent  over  all  growth 
ra* .  . 

gevot  •»'  runs  were  completed  to  determine  the 
cioi.nal  t:m»  i..iei>ert  that  could  be  obtained  for 
c  inual  selection  n>  d'Slred  temperatuie  settings. 
Tits  was  determined  to  be  two  and  one  half  davs . 

A’  t1',.  cone  I  'is  ion  of  the  runs  the  results  were 
anaiyz.  d  and  are  shown  in  F'g.  6.  This  shows  a 
jhado-wpram  and  ft  Q  trace  of  a  programmed  run  the 
a'ti'.it  of  which  is  to  maxe  the  Q  of  the  grown 
c  a  *'**•_  1  hip,''  and  triform.  Two  distinct  land  marks 
are  see  ,  t'  e  i  -nsec  ien<  e  of  a  large  temperatu-e 
d,  'M'ee f i. '  1  %  imposed  to  produce  tie  la"!  mark 

and  i-e  crli -j,  the  dnv  or  which  this  event  took 
p'a«e  T..e  s-’an.-wgram  -wa3  divided  into  equal 
sepfer.ts  lu.ee!  o.,  me  t'.ic!  oeos  of  the  seed  and 
tin-  me,  i'll  i‘i  -  effect  ct  the  cam  eta.  The 

-  t  .r  (  .as  e'etetmtne.!  K  diviaing 

;;'i  o’  i  H  •  :  .  i-n'i  the  optical  i',»t  i"  the 


Z  direction  by  the  total  number  of  thickness  seg¬ 
ment*  ruled  off  In  the  shadowgram.  Each  thick¬ 
ness  segment  corresponds  to  0.056"  (actual  seed 
thickness)  curves  relating  the  temperature  of  the 
autoclave  as  a  function  of  time  (days)  were 
drawn.  It  can  be  seen  that  a  sharp  dip  in  top 
temperature  occurred  after  16  days  and  it  was 
assumed  that  this  adjustment  produced  the  defect 
shown  in  the  shadowgram.  The  rate  for  the  first 
16  days  was  determined  by  dividing  the  total 
thickness  from  the  seed  to  this  defect  (1.00") 
by  the  time  required  to  reach  this  thickness 
(16  days)  which  yields  62.6  mils/day.  The  rate 
for  the  remainder  of  the  run  was  determined  in 
similar  manner;  by  subtracting  16  from  the  total 
growing  time  (24.9  days)  and  dividing  this  number 
into  the  remaining  thickness  (0.586").  This 
yielded  65.8  mils  per  day  so  that 

Ave  Crowth  Rate  (first  16  davs)  »  62.6  mils/ 

day 

Ave  Grov  h  Rate  (remainder)  *  65.8  mils/dav 

It  la  assumed  that  the  3.2  mil/day  difference 
is  within  the  accuracy  of  the  technique  used  to 
obtain  it  so  that  the  growth  rate  was  essentially 
1 1  near , 

RESULTS 

Remote  location  of  the  computer  was  a  de¬ 
sirable  feature  when  initial  plans  were  being 
formulated  concerning  the  project.  i  was  de¬ 
sired  to  keep  such  a  complex  device  removed  from 
the  growing  location  so  that  in  the  unlikelv 
event  of  an  accident  the  machine  vould  not  be 
damaged.  The  computer  chosen  as  t  control  deuce 
was  a  GE  4050.  This  machine  was  selected  due  to 
its  having  the  feature  of  being  able  to  com¬ 
municate  with  the  remote  control  s'te  by  means  ol 
existing  telephone  lines.  Recently  other  manu¬ 
factures  supply  equipment  with  th.s  capability. 
This  remote  control  ability  is  a’.so  of  advantage 
when  considering  the  necessity  of  establishing 
an  additional  growing  facility. 

Start  up  and  termination  of  runs  is  accomplish 
ed  In  the  growing  area  by  means  of  the  operators 
console,  Fig.  4.  Programs  such  as  start  up, 
termination,  autoclave  status  each  have  a  program 
number  associated  with  them.  These  numbers  are 
on  one  dial  of  the  operators  console  and  can  be 
dialed  at  will.  Additionally,  every  hour  the 
status  of  each  autoclave  ts  printed  out.  This 
report  lists  the  temperature,  pressure  and  de¬ 
parture  from  set  point  and  this  also  is  printed 
out.  Other  programs  such  as  autoclave  history 
etc.  are  likewise  obtainable  in  the  same  manner. 
The  operator  console  also  contains  the  alarm  sys¬ 
tem  so  that  in  the  event  of  a  large  departure 
from  set  point  value  an  alarm  sounds.  At  the 
present  time  the  old  analog  control  pane!  is 


utilized  as  a  back  up  system  when  it  is  desired 
to  work  on  additional  programming  and  as  a 
safety  precaution  in  the  event  of  a  computer 
failure.  In  the  future  this  will  be  replaced 
with  a  simpler  and  much  less  expensive  device. 

Due  to  the  ability  of  the  computer  to  hold 
the  desired  temperature  to  close  tolerance,  this 
type  of  control  is  most  desirable  if  other  eco¬ 
nomic  factors  permit  its  use.  But  the  ability 
to  produce  a  programmed  growth  makes  computer 
control  exceedingly  attractive.  Not  only  are 
the  over  all  growth  rates  linear  but  generally 
in  terms  of  average  growth  rate,  tne  Q  is 
higher  for  a  programmed  crystal  chan  for  an 
unprogvammed  crystal  of  similar  average  growth 
rates.  This  can  be  seen  in  Fig,  7  which  shows 
the  results  of  a  Q  analysis  of  two  crystals  hav¬ 
ing  similar  growth  rate.  While  growth  rate 
is  a  somewhat  elusive  term  to  correlate  directly 
to  Q,  nevertheless  the  general  effect  is  general¬ 
ly  of  Che  type  shown  in  Fig.  7.  Whi le  it  is 
possible  to  obtain  higher  Q  at  growth  rates  of 
60-70  mils  per  day7,  these  are  not  always  rou¬ 
tinely  reproducible  while  the  reproduclbly  of 
a  programmed  growth  under  computer  control  is  in 
the  order  of  907.  or  less  than  !0%  deviation  in 
Q  from  one  batch  to  the  next. 

Oder  schemes  were  investigated  to  determine 
something  of  the  economics  of  the  procedure. 

In  one  scheme  a  mechanical  cam  was  integrated 
into  the  existing  control  panel.  The  cam  was 
connected  to  the  set  point  mechanism  and  the 
timer.  Physically,  the  cam  Is  a  disc  ruled  with 
lines  concentrically  drawn  corresponding  to 
temperature  settings.  A  program  is  actually  cut 
on  the  circumference  of  the  disc.  While  this 
procedure  is  inexpensive  It  suffers  from  the 
obvious  difficulty  of  Inaccuracy  In  cutting  and 
ruling  the  disc.  Additionally,  there  is  the 
further  disadvantage  of  having  the  control 
ability  limited  by  the  accurac'  of  the  control 
panel.  In  a  second  scheme  a  s  pervisory  control 
was  investigated  from  a  cost  standpoint.  Here 
a  programmable  device  is  Interfaced  w  th  the 
existing  panel.  It  receives  Instructions  from 
a  previously  designed  program  but  requires  the 
functioning  of  the  existing  control  panel  to 
effect  the  actual  temperature  changes.  The 
economic  picture  is  dictated  to  a  greet  extent 
by  the  number  of  eutoc laves  that  are  to  be 
controlled.  This  '8  because  the  cam  and  super¬ 
visory  schemes  require  a  control  panel  as  the 
interfacing  to  the  autoclave.  The  cost  of  a 
suitable  control  panel  approaches  that  of  the 
CE  6050  computer  at  about  the  control  level  of 
25  autoclaves.  Therefore,  for  about  25  auto¬ 
claves  the  computer  and  control  panel  scheme  are 
about  the  same  in  cost.  For  over  25  autoclaves 
the  computer  cost  remains  the  same  but  the  panel 
cost  Incteases.  Therefore  computer  control 
becomes  attractive  when  it  is  desired  to  control 
a  large  number  of  autoclaves  producing  a  variety 
of  quartz  crv&tnls. 


CONCLUSION 

Computerization  of  the  growing  process  has 
yielded  a  process  which  can  both  control  the 
process  completely  and  atore  existing  knowledge 
on  the  growth  of  quartz.  The  direct  digital 
control  is  so  devised  that  the  controlling 
parameters  are  Independent  of  the  type  and  design 
of  the  autoclave  to  be  controlled.  Use  of  a 
computer  can  effect  a  more  accurate  temperature 
control  than  other  commercially  available  non¬ 
computerized  control  facilities.  Additionally, 
the  computerized  system  can  set  up  and  control 
programmed  quartz  growth.  Finally,  economic 
analysis  of  the  process  Indicates  that  computer 
control  becomes  attractive  as  the  number  of  auto¬ 
claves  becomes  large. 
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EFFECTS  OF  GAMMA  IRRADIATION  ON  FREQUENCY  STABILITY  OF  5TH  OVERTONE 

CRYSTAL  OSCILLATORS 

Carl  A.  Berg  -  James  R.  Erickson 

GIBBS  MANUFACTURING  AND  RESEARCH  CORPORATION 
JANESVILLE,  WISC. 


Summary 

This  report  presents  the  results  of  a 
program  of  subjecting  a  series  of  precision 
oscillators  to  gamma  radiation.  The  program 
objective  was  to  advance  present  knowledge  of 
the  effects  of  a  radletlon  environment  associat¬ 
ed  with  nuclear  weapons  upon  this  type  of 
oscillator.  Developing  an  oscillator  to  main¬ 
tain  frequency  stability  during  and  after 
exposure  was  the  prime  objective. 

Program  effort  concentrated  on  selection 
and  use  of  "swept"  quartz  crystal  resonators 
fabricated  with  precision  techniques.  Semi¬ 
conductor  device  selection  also  constituted  an 
important  portion  of  the  program. 

A  group  of  3  production  run  oscillator 
units  were  modified  with  the  selected  components. 
These  oscillators  were  subjected  to  a  gamma 
radiation  environment  at  the  White  Sands  Missile 
Range  nuclear  test  facility.  Radiation  doses 
exceeding  3  x  10^  rads  were  used.  Frequency 
variations  of  less  than  I4ppl0®  without  oscilla¬ 
tor  cessation  were  achieved.  This  represents  3n 
improvement  factor  of  at  least  SO  to  1  over  non- 
modified  oscillators  similarly  tested. 

It ;  roduct  ion 

information  is  presented  to  indicate 
progress  made  to  advance  present  knowledge  of 
the  effects  of  a  radiation  environment  associat¬ 
ed  with  nuclear  weapons  upon  quartz  crystal  con¬ 
trolled  oscillators.  Work  on  this  program  was 
accomplished  for  the  U.S.  Air  Force  Avionics 
Laboratory,  Wrlght-Patterson  Air  Force  Base, 
Ohio,  under  contract  F33t>15-b8-C-1589,  Per¬ 
mission  for  presentation  and  publication  of  this 
paper  has  been  granted  by  the  Contracting 
Officer.  Tests  were  performed  on  oscillators  of 
the  precision  high  stability  type. 

The  severe  weight  and  size  penalties  that 
would  be  imposed  by  the  use  of  suitable  shield¬ 
ing  was  avoided  to  the  fullest  extent.  It  then 
became  necessary  to  evaluate,  test  and  use  com¬ 
ponents  offering  maximum  stability  during  and 
after  exposure  to  radiation. 

Preliminary  studies  and  evaluation  in¬ 
dicated  that  semiconductors  and  the  quartz 
crystal  are  the  most  susceptible  to  radiation. 
This  report  will  be  concerned  primarily  with 
the  improved  stability  that  was  -.chi.-ved  by  the 
use  of  improved  transistors  and  crystal 
resonators. 


Three  (3)  high  stability  type  oscillators 
were  modified  for  the  purposes  of  this  study 
program.  Two  (2)  of  the  units,  which  had 
previously  been  subjected  to  gamm-  and  fast 
neutron  radiation,  were  furnished  to  the  govern¬ 
ment.  These  oscillators  and  the  third  unit, 
supplied  by  Gibbs  Manufacturing  and  Research 
Corporation,  were  modified  by  substitution  of 
the  improved  crystal  resonators  and  semi¬ 
conductors. 

Modification  of  Oscillators 

Resonators  fabricated  from  "swept" 
cultured  quartz  have  been  shown  to  display  in¬ 
creased  resistance  to  radiation.  Improvement 
factors  of  three  or  more  over  natural  quartz 
crystals  have  been  achieved,  (l)  Pure  Z- 
growth  cultuied  quartz  is  "swept"  by  applica¬ 
tion  of  high  voltage  at  elevated  temperature 
to  materially  reduce  the  alkali  and  hydrogen 
ions  within  the  quartz  itself. (2)  Type  CR-71/U 
high  stability  5th  overtone  crystals  fabricated 
with  "swept"  quartz  were  substituted  into  the 
oscillators  in  place  of  the  usual  natural 
quartz  CR-71/U  crystal  units. 

Figure  1  summarizes  the  semiconductor 
complement  of  each  oscillator  as  modified. 

No  radiation  resistant  types  wore  used  in 
Oscillator  #1.  Prior  to  modification,  the 
transistor  complement  of  the  oscillators  com¬ 
prised  of  the  types  2N706,  2N1700  and  MHT4501 . 
The  2N706  was  replaced  with  types  2N520P  and 
2N5399.  These  are  recently  developed  types 
specifically  designed  for  radiation  resistance. 
For  comparison  purposes  and  to  gain  additional 
information,  the  type  2N918  was  also  included 
as  a  substitute  for  the  2N706.  The  2IMS  is 
an  improved  version  with  greater  gain  and 
frequency  response.  It  is  also  currently 
available  as  a  military  preferred  type. 

Radiation  resistant  type  transistors  in  the 
medium  power  category  were  not  readily  avail¬ 
able  as  direct  replacements  for  the  oven  heater 
driver  transistors.  Consequently,  high  freou- 
ency  types  designed  for  use  at  VHF  frequencies 
were  substituted  for  the  types  2M70P,  .  N.'33o 
and  MHT4501. 

Radiation  Test  Procedure 

The  oscillators  were  subjected  to  gamma 
radiation  at  the  Nuclear  Effects  branch,  White- 
Sands  Missile  Range,  K.M.  A  line-or  electron 
accelerator  (LINAC)  provided  the  gamma  radia¬ 
tion  eneray.  All  oscillators  were  kept 
operating  nearly  continuously  by  a  minimum  of 
‘rar.sfer  time  rrorn  one  power  supply  to  another. 


Oscillator  #1  was  powered  by  battery  during 
transit  to  the  test  site.  Prior  to  testing, 
oscillators  #2  and  #3  were  energized  and 
operated  continuously  for  over  two  days  upon 
arrival  at  the  test  site.  Figure  2  shows  a 
view  of  an  oscillator  mounted  in  front  of  the 
LINAC  port.  It  was  positioned  with  the  crystal 
centered  on  the  line  of  greatest  gamma  in¬ 
tensity. 

Figure  3  provides  a  view  of  the  LINAC 
port.  The  LINAC  output  consists  of  single  in¬ 
tense  pulses  of  high  energy  electromagnetic 
radiation  of  short  time  duration.  The  pulse 
energy  level  was  established  at  17  MEV  and  a 
duration  of  10  microseconds.  Any  desired  number 
of  pulses  at  a  rate  of  10  pulses  per  second  can 
be  furnished  by  the  LINAC.  A  shot  consists  of 
LINAC  operation  for  one  or  more  pulses. 

Gamma  Dose  Calibration 

Initial  test  setup  consisted  of  establish¬ 
ing  the  gamma  radiation  level  impinging  on  the 
oscillator  surface.  Calibration  of  the  gamma 
radiation  level  consists  of  attaching  dosimeters 
cn  the  oscillator  sides.  After  exposure  to  a 
test  shot,  the  dosimeters  are  developed  and 
measured  to  provide  the  radiation  energy  level  on 
a  per  pulse  basis.  Only  a  change  of  distance  or 
position  of  the  oscillator  from  the  LINAC  port 
required  new  dosimeter  measurements.  Gamma 
dosage  was  changed  primarily  by  varying  the 
number  of  pulses  per  shot. 

Frequency  Measurement 

Test  instrumentation,  as  shown  in  Figures  4 
and  5,  provided  frequency  measurement  resolution 
of  lpplO^.  Oscillator  frequency  and  output 
voltage  were  monitored  continuously.  However, 
because-'  of  the  high  RF1  level  during  the  actual 
operation  of  the  LINAC,  the  frequency  counter 
presented  erroneous  readings.  Consequently, 
actual  oscillator  frequency  deviations  during 
the  radiation  period  were  not  obtainable  with 
sufficient  accuracy.  However,  frequency  measure¬ 
ment  during  radiation  exposure  was  accomplished 
by  means  of  counting  the  beat  of  the  lissajou 
pattern  displayed  on  the  oscilloscope.  For  each 
oscillator,  it's  frequency  just  prior  to  the 
initial  calibration  and  trial  shot  served  as  the 
reference  for  subsequent  gamma  radiation  shots. 

Test  Results 

None  of  the  oscillators  tested  experienced 
ar.y  cessation  or  output  amplitude  change  at  any 
time  during  exposure  to  gamma  radiation. 

Frequency  vs.  Radiation 

Typical  observed  radiation  effects  are 
illustrated  in  Figure  b  through  12.  These  are 
the  immediate  and  short  term  frequency  changes 


occurring  during  and  after  each  gamma  srqt. 

The  dashed  portion  of  each  curve  indicates 
actual  exposure  time  (shot)  and  also  shews  the 
frequency  at  the  start  of  each  shot. 

For  oscillator  #1,  shots  #1  and  #5  in 
Figure  6  show  the  increased  frequency  offset 
occurring  as  the  duration  of  the  gamma  dose 
increases.  These  curves  show  that  the  frequency 
offset,  initially  positive  for  low  level  radia¬ 
tion,  becomes  negative  for  increasingly  larger 
doses  of  gamma  radiation.  With  the  completion 
of  shot  #5,  the  total  gamma  dose  to  which 
oscillator  #1  was  exposed  had  reached  approxi¬ 
mately  400K  Rads. 

Figure  7  further  shows  the  effect  of  con¬ 
tinuing  ex  "e  to  gamma  radiation.  Shot  #8 
shows  the  .  ,ency  offset  reached  for  a  total 
gamma  dose  exceeding  1.2  M  Rads.  These  curves 
(shots  #6  and  #8)  also  show  a  transient  frequ¬ 
ency  increase  indicating  induced  heating 
during  exposure  to  radiation. 

To  further  verify  that  a  temperature 
change  was  taking  place  within  the  oscillator, 
the  crystal  oven  temperature  was  reduced 
slightly  below  the  zero  T.C.  point  of  the 
crystal.  After  a  24  hour  restabilizing  period, 
the  oscillator  was  then  subjected  to  a  small 
gamma  dose,  shot  #9,  followed  b',  a  larger  dose 
as  shown  in  Figure  8.  These  curves  now  show  a 
transient  frequency  decrease  during  radiation 
as  the  induced  heating  causes  the  crystal 
temperature  to  increase  toward  the  zero  T.C. 
point.  After  each  shot  approximately  12 
minutes  was  required  for  frequency  to  restabilize 
which  was  essentially  the  same  as  the  recovery 
time  following  other  shots. 

After  the  oven  temperature  of  oscillator 
#1  was  readjusted  to  it’s  original  temperature, 
it  was  subjected  to  additional  radiation  at 
higher  intensity  per  pulse.  Figure  9  shows  the 
further  increase  of  frequency  offset.  Shot  #15 
shows  the  effect  of  increasing  the  radiation 
intensity  to  87  Rads  per  pulse.  Although  the 
exposure  intensity  was  further  increased  to 
146  Rads  per  pulse,  shot  #19  shows  that  the 
transient  frequency  change  is  also  dependent  on 
the  duration  of  exposure.  After  the  completion 
of  shot  #19,  the  total  gamma  dose  exposure 
exceeded  3.3M  Rads  with  the  permanent  frequency 
offset  reaching  approximately  -12ppl0®. 

The  exposure  of  oscillator  #2  to  gamma 
radiation  was  similar  to  that  of  oscillator  #1 
with  the  exception  that  the  crystal  oven 
temperature  was  not  changed.  In  Figure  10,  two 
effects  of  increasing  the  intensity  of  radiation 
is  shown.  One,  the  dashed  lines  of  each  ci'~ve 
indicate  the  increase  of  the  transient  frequency 
change  as  the  radiation  intensity  is  increased. 
Each  indicated  shot  was  of  equal  duration. 
Secondly,  the  net  negative  frequency  offset  is 


17)  - 


a  function  of  both  radiation  Intensity  and  ac¬ 
cumulated  or  total  dose.  Total  gamma  dose  at 
the  completion  of  shot  #3,  #13  and  #17  was  45K 
Rads,  1.47M  Rads  and  3.36M  Rads  respectively. 

The  offset  frequency  typically  continued  to 
drift  an  additional  2  to  3ppl08  for  elapsed 
times  of  approximately  24  hours  between  shots. 

In  Figure  11  the  effects  of  two  gamma 
doses  on  oscillator  #2  are  compared.  They  were 
of  equal  duration  and  equal  intensity  but 
separated  in  time  by  27  hours.  Total  gamma 
dose  at  completion  of  shot  #5  was  255K  Rads  and 
1.33M  Rads  for  shot  #10.  The  oscillator  frequ¬ 
ency  continued  to  drift,  reaching  -7.8ppl08 
approximately  18  hours  after  shot  #10. 

Oscillator  #3  was  subjected  to  one-third 
the  total  gamma  dose  that  oscillator  #1  and  #2 
received.  As  shown  in  Figure  12,  with  the 
exception  of  the  exploratory  shot  #1,  the  oscil¬ 
lator  was  subjected  to  one  continuous  dose  (shot 
#2)  which  required  approximately  one  hour  to 
complete.  The  transient  frequency  change  was  not 
as  great  as  that  experienced  by  the  other  oscil¬ 
lators.  This  would  indicate  that  the  crystal  and 
oven  stabilized  temporarily  at  a  nex  operating 
temperature  during  the  shot.  A  count  of  the 
lissajous  pattern  beat  established  a  maximum 
frequency  change  of  ±3ppl08  during  the  radiation 
period. 

A  plot  of  frequency  offset  versus  gamma 
radiation  is  shown  in  Figure  13.  This  presents 
a  composite  view  of  the  frequency  offsets  ex¬ 
perienced  by  all  throe  oscillators.  The  spread 
as  indicated  here  represents  the  trend  of  freq¬ 
uency  offset  as  a  function  of  total  gamma  radia¬ 
tion  dose.  The  long  term  effect  of  radiation  is 
also  included.  For  example,  the  frequency  off¬ 
set  of  oscillator  #1  at  the  total  dose  of  3.3M 
Rads  was  -12.1ppl08  for  an  elapsed  time  of  47 
minutes  after  exposure.  The  frequency  offset 
continued  to  increase  with  time  to  -I3.3pplO®  at 
approximately  4.6  days  of  elapsed  time. 

Lono  Term  Stapilitv 

Oscillator  #1;  Frequency  stability  prior 
to  and  after  radiation  exposure  is  shown  in 
Figure  14.  For  the  pre-radiation  drift  rate  to 
become  less  than  lpplO3  per  day  reouired  approxi¬ 
mately  •)  days  of  continuous  operation  (Curve  A). 

Four  days  after  the  total  gamma  dose  ot 
3.3  x  10^  rads,  the  freouency  offset  was  approxi¬ 
mately  13ppl08  below  the  initial  reference  freq¬ 
uency  at  the  start  of  the  radiation  test.  Any 
frequency  deviations  occurring  during  transit 
and  power  interruptions  are  also  included.  At 
this  time  the  oscillator  freouency  was  reset  to 
zero  offset  (Curve  b).  Aging  in  the  posi’ive 
direction  oroceeded  at  a  rate  of  3ppH>*^  per  day. 
Twen* y-sever.  days  later,  aging  had  becorr.e_ nega¬ 
tive  a*  *he  ra* e  of  approximately  1  .TupIO*^  per 
day. 


The  oscillator  was  then  de-energized  for  a 
period  of  one  day.  Curve  C  shows  the  resumption 
of  the  usual  frequency  restabilizing  character¬ 
istics  of  this  type  oscillator.  Reduction  of 
the  drift  rate  to  less  than  lpplO^  per  day 
required  less  than  six  days.  The  drift  of 
approximately  -4pplcA8/day  after  twenty-five 
days  was  approximately  28&  less  than  the  pre¬ 
radiation  drift  for  the  same  period  of  con¬ 
tinuous  operation.  The  off  time  of  one  day  did 
not  cause  reversion  to  the  gamma  radiation  in¬ 
duced  frequency  offset  and  drift.  The  oscilla¬ 
tor  merely  repeated  the  usual  pre-radiation  long 
term  frequency  drift  characteristics. 

Oscillator  #2:  Figure  15  shows  the  freq¬ 
uency  drift  occurring  during  three  different 
long  term  test  periods.  Curve  A  indicates  the 
frequency  drift  prior  to  modification.  The 
crystal  was  a  natural  quartz  unit.  Frequency 
drift  continued  to  exceed  lpplO^  per  day  after 
fifteen  days  of  operation.  The  improved  freq¬ 
uency  stability  after  modif lcation  is  shown  by 
Curve  B.  Less  than  six  days  were  required  to 
reach  a  drift  rate  of  less  than  lpplO^  per  day. 

Post  gamma  radiation  dose  (over  3.6  x  10^ 
rads)  versus  frequency  stability,  Curve  C,  is 
similar  to  that  of  oscillator  .#1 .  At  the 
elapsed  time  of  4.7  days  after  final  radiation 
dose,  the  freouency  offset  was  low  by  approxi¬ 
mately  12ppl08  as  referred  to  the  pre-radiation 
reference  freouency.  Included  in  this  time 
oeriod  is  three  days  during  which  the  oscillator 
was  de-energized.  Curve  C  begins  at  the  end  of 
the  4,7  day  interval  with  the  oscillator  reset 
to  zero  offset.  Maximum  freouency  drift  in  *ne 
positive  direction  was  7ppl01('  pe:  day.  This 
drift  rate  gradually  decreased  toward  zero 
during  about  fifty-two  days  of  cor.’ir.uous  opera¬ 
tion.  Negative  drift  rate  had  commenced  a f*er 
52  days  and  con-inued  until  the  oscillator  was 
de-energized. 

Oscillator  #3:  This  oscillator  was  exposed 
to  a  to‘al  gamma  dose  of  approx iira t.  ly  1  x  10c 
rads  in  one  continuous  shot  requiring  one  hour 
to  complete.  After  an  elapsed  time  ot  5  days 
after  the  shot,  the  frequency  offset  was  row  by 
approximately  7ppl08  as  retetred  to  the  pre¬ 
radiation  reference  frequency.  During  tnis 
period  the  oscillator  was  de-energized  for  3.7 
days.  Figure  it  shows  that  the  frequency  drift 
rau-s  are  similar  lefore  ar.d  after  r-sdia'ion 
exposure.  Affe;  5o  days  of  con’inuous  operation, 
the  drift  rate  had  decreased  to  -3.4ppl0*('  per 
day. 

It  is  expedient  at  this  point  to  review 
’he  pas‘  history  of  oscillators  #1  ar.d  #1. 
Approximately  *wo  years  prior  to  the  presen' 
program,  *nsse  oscillators  were  sub'ecvd  (.•.i*n- 
ou'  any  modifications '  *o  similar  radiation 
tes*s.  ’’he  resonators  were  *he  *ype  CP-71,  V  ct 
natural  quart?,  crystal  cons* ruc*ior. 


Exposure  of  oscillator  #1  to  approximately 
1  x  1()6  rads  of  gamma  radiation  caused  a  per¬ 
manent  frequency  change  of  -6PPM.  Oscillation 
also  stopped  for  periods  exceeding  45  minutes. 

Oscillator  ft 2,  subjected  to  approximately 
1.7  x  10*2  nvt  of  fast  neutron  radiation,  also 
stopped  oscillating  for  periods  of  up  to  3 
minutes.  Frequency  change  was  less  than  -lpplO®. 
One  transistor  (low  frequency  type  2N1700) failed. 
No  failures  occurred  among  the  type  2N706  trans¬ 
istors  used  at  that  time. 

Conclusions 

Salient  Oscillator  Improvements 

1.  Oscillator  cessation  did  not  occur. 

2.  Mo  significant  variation  of  output 
voltage  occurred. 

3.  At  these  radiation  levels,  the  high 
frequency  transistors  (ft  of  500MHz  and  higher) 
performed  equally  as  well  as  the  radiation 
resistant  types. 

4.  The  "swept"  quartz  crystal  resonators 
displayed  significant  reduced  permanent  frequ¬ 
ency  change.  Less  than  14pplC®  frequency  change 
occurred  for  a  gamma  dose  exceeding  3.6  x  10^ 
Rads.  This  constitutes  at  least  a  45  to  1 
reduction  of  frequency  variation.  For  a  dose  of 
1  x  106  Rads  this  factor  increases  to  more  than 
80  to  1. 

5.  Substantially  reduced  aging  rates  are 
exhibited  by  "swept"  quartz  crystals.  Less  than 
6  days  was  required  to  achieve  drift  'ates  of 
less  than  lpplO^  per  day  as  compared  to  the 
natural  quartz  crystal  which  continued  to  drift 
at  a  rate  of  4ppl0^  after  4  months  of  continuous 
operation  after  gamma  radiation. 

Figure  17  shows  the  total  radiation  dose  to 
which  each  oscillator  was  subjected.  The  result¬ 
ing  permanent  frequency  change  of  each  oscillator 
is  also  indicated.  A  comparison  of  the  three 
oscillators  indicates  that  a  3  to  1  increase  of 
the  gamma  dose  caused  less  than  a  doubling  of 
the  frequency  change. 

Short  term  frequency  stability  degradation 
was  negligible  as  shown  in  Figure  18.  The 
slight  differences  indicated  for  the  2  second 
and  20  second  averaging  periods  could  be  attri¬ 
buted  to  instrumentation  tolerances. 

A  transient  frequency  changes  does  occur 
during  exposure  to  radiation.  For  crystals 
operating  at  the  zero  coefficient  of  tempera¬ 
ture  point)  the  frequency  Increases,  temporarily 
over-riding  other  radiation  induced  effects. 

From  this,  it  could  be  assumed  that,  this  is 
primarily  related  to  induced  heating  of  the 
crystal  blanks  either  directly  or  indirectly  by 
a  change  cf  the  oven  operating  temperature. 


Permanent  frequency  change  (negative  offset) 
remains  as  a  predominant  result  of  gamma  radia¬ 
tion.  However,  a  reduction  of  nearly  two  orders 
of  magnitude  was  achieved  with  the  use  of 
"swept"  quartz  resonators. 

Since  the  purity  of  the  swept  quartz  is  the 
major  factor  in  contributing  to  gamma  radiation 
resistance,  it  is  reasonable  to  assume  that  the 
holder  will  contribute  second  order  effects. 
Recent  advances  in  such  areas  as  high  tempera¬ 
ture  bakeout,  high  vacuum  flameless  sealing  and 
extreme  cleanliness  have  made  possible  the  pro¬ 
duction  of  extremely  stable  quartz  resonators. 
Combining  these  techniques  with  "swept"  quartz 
fabrication  should  produce  a  quartz  resonator 
with  increased  stability  and  immunity  to  a 
radiation  environment. 
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The  first  portion  of  the  work  presented  in 
this  paper  was  performed  on  the  U.  S.  Army 
Electronics  Research  and  Development  Contract 
DAAB07-67-01j33-  At  the  1968  Frequency  Control 
Symposium  a  method  of  temperature  compensating 
crystal  oscillators  using  a  segmented  network 
was  presented.  This  approach  allows  one  group  of 
components  to  control  the  frequency  of  t.ie 
oscillator  over  a  segment  of  the  temperature 
range,  and  other  groups  to  control  over  other 
segments.  This  approach  permits  the  adjustment 
of  a  portion  of  the  compensation  network  without 
affecting  the  remaining  sections,  thus  setting  up 
the  boundary  conditions  required  by  automatic 
compensation  equipment.  During  the  past  year 
many  oscillators  have  beer,  compensated  utilizing 
the  segmented  approach.  Perhaps  the  best  way  to 
discuss  this  method  is  to  look  at  the  results  of 
several  units. 

Figure  I  shows  a  coarse  curve  and  network  to 
compensate  an  oscillator  tc  1  1  PPM  over  the 
temperature  range.  A  second  fine  modulator  is 
used  to  compensate  for  variations  of  the  coarse 
network  to  obtain  a  stability  of  1  2.10"'  over 
the  range.  Figure  II  shows  the  fine  network 
voltage  required  and  the  network  used  to  generate 
the  voltage.  It  should  be  noted  that  the  NPN 
transistors  will  always  follow  the  maximum  base 
voltage  while  the  PNP's  will  follow  the  lowest 
base  voltage.  From  the  figure  it  can  be  seen  that 
the  fine  curve  becomes  a  very  non-linear  curve. 
Figure  III  shows  the  coarse  voltage  required  and 
the  network  used  to  supply  this  voltage.  Figure 
IV  is  the  fine  voltage  required  and  the  network 
used  to  generate  this  voltage  for  the  oscillator 
shown  In  Figure  III.  Figures  V  and  VI  are  fine 
network  voltages  and  the  networks  for  several 
other  oscillators. 

From  the  above  discussion  it  can  be  seen  tnat 
each  fine  network  looks  like  the  derivative  of 
coarse  network  error  and  consequently  is  more 
random  than  the  original  coarse  curve.  However, 
the  flexibility  contained  in  the  segmented 
approach  permits  a  wide  variety  of  variation  in 
acceptable  fine  voltage  curvc-s. 

It  should  be  noted  that  fine  curves  with 
negative  slopes  are  preferred  at  low  temperatures 
since  it  is  desirable  not  to  use  the  PNP's  until 
as  high  a  temperature  as  possible.  The  PNP's 
make  nice  top  temperature  slope  generators,  bu' 
affect  repeatability  at  ti.e  lower  or  medium 
temperature  range. 

Some  difficulty  nas  been  encountered  in 
being  able  *o  predict  the  repeatability  of  a 
resonator.  It  was  initially  our  procedure  to 
place  the  resonators  in  a  controlled  environment 
and  consider  them  useful  after  they  had  reached  an 


aging  rate  of  5*10“'/day.  In  using  these 
resonators  we  encountered  repeatability  difficulty 
and  since  nave  modified  our  test  procedure  to 
take  the  following  form.  Resonators  and 
oscillators  are  placed  in  a  controlled  temperature 
environment  and  with  the  temperature  set  to  the 
upper  turning  point  the  frequency  is  noted:  the 
temperature  is  then  changed  to  the  lower  turning 
point,  allowed  to  stabilize,  and  again  the 
frequency  is  noted.  This  cycle  is  repeated 
several  times  and  if  the  various  readings  at  each 
of  the  turning  points  do  not  deviate  more  than 
2.10"°,  the  resonator  is  accepted. 

We  are  currently  evaluating  this  testing 
procedure,  at  this  time  we  believe  it  will  solve 
some  of  the  repeatability  problems  we  have 
encountered. 

The  automatic  compensation  equipment 
development  has  been  delayed  because  of  repeat¬ 
ability  problems,  but  some  circuit  development 
may  be  discussed.  Figure  VII  snows  the  servo 
amplifier.  It  should  be  noted  tnat  by  using  a 
nulling  type  operational  amplifier  the  loop  will 
lock  immediately  and  permit  the  motor  to  nave  a 
few  seconds  to  reach  null.  This  equipment  nas 
been  tested  snd  functions  very  well.  Figure  VIII 
is  a  diagram  of  the  phase  detector  used  tc  Iock 
previously  shown  oscillators  to  the  standard. 

In  operation  the  system  functions  as  follows : 
The  temperature  controller  selects  a  temperature 
ar.d  remains  at  the  temperature  until  a--  thermal 
transients  have  diminished,  a  signs*  causes  the 
loop  to  close,  and  current  contribution  from  the 
pnase  detector  causes  the  TCXO  to  locr. .  This 
current  generates  an  error  signal  causing  the 
network  resistance  to  change  until  the  current 
required  from  the  phase  detector  is  zero.  At 
this  point  the  resistance  value  is  locked  ar.d 
temperature  sequencer  moves  on  to  the  next 
sequence. 

This  same  procedure  of  operation  can  be 
repeated  on  ten  oscillators  with  eight  segments. 
While  it  yet  remains  for  the  equipment  to  be 
utilized  for  a  production  run  of  TCXC's,  it 
appears  feasible. 

The  unique  characteristics  of  TOXO's  make 
them  particular!  attractive  for  use  in  some 
special  purpost  oscillator  requirements.  Among 
these  characteristics  are  instantaneous  operation, 
low  power  consumption,  and  the  ability  to  oe 
electrically  remotely  turned  on  or  off  or 
controlled.  Two  special  cases  where  these 
attributes  have  been  utilized  are  described  in  the 
following  paragraphs. 


Case  No.  1 

A  need  existed  for  a  signal  source  that 
would  provide  two  square  wave  output  signals  at 
8  MC  with  a  90°  phase  shift  between  then.  It  was 
required  that  the  rise  and  fall  times  of  these 
signals  be  less  than  10  nano  seconds  and  that  the 
duty  cycles  be  50  1  2  nano  seconds.  In  addition 
this  clock  was  required  to  synchronize  with  a 
hOO  KC  externally  applied  signal.  Without  the 
external  synchronization  signal  the  clock  was  to 
maintain  5.10”?  from  -30°C.  to  +70°C.  The  unit 
was  to  be  housed  in  a  container  .5"  x  2-3/lt"  x 
2-l/li".  To  generate  this  requirement  an  8  MC 
TCXO  was  utilized  to  drive  2  R C  phase  shifters 
which  in  turn  respectively  drove  individual 
shaping  amplifiers.  One  of  the  phase  shifters 
was  used  to  advance  the  oscillator  output  signal 
by  h5°  and  the  other  to  retard  the  signal  by  r5°. 
There  was  some  concern  originally  with  the 
ability  of  these  phase  shifters  to  maintain  the 
phase  shift  accurately  over  temperature.  It  was 
discovered,  however,  that  they  performed  this 
requirement  admirably.  To  provide  the  synchro¬ 
nization  function  a  IiOO  KC  signal  was  multiplied 
to  8  MC  and  a  portion  injected  into  a  low 
impedance  point  in  the  oscillator  loop.  Locking 
ranges  of  1  3  PPM  were  typical. 

A  complete  schematic  diagram  is  shown  in 
Figure  IX.  The  RC  phase  shifters  consisted  of  a 
metal  film  resistor  and  a  nica  capacitor.  The 
phase  shift  at  the  point  was  very  stable  and  well 
witnin  the  output  requirements.  The  problem  was 
in  squaring  these  two  sine  wave  signals  and 
maintaining  the  established  phase  relationship 
over  the  operating  temperature  range.  This  was 
squaring  amplifiers.  The  exact  configuration  of 
these  and  the  final  output  stages  are  shown  in 
the  schematic. 

Case  No.  2 


temperature  coefficients  of  the  inductor  and 
capacitor  were  matched.  The  differential  portion 
provides  the  constant  gain  vs.  temperature  and 
the  matching  in  the  tank  circuit  prevents  de¬ 
tuning.  This  coupled  with  the  constant , amplitude 
feed  from  the  binary  allows  a  constant  output 
vs.  temperature. 

A  complete  scheriatic  of  the  unit  is  given 
in  Figure  X. 


The  equipment  requirements  for  this 
oscillator  were  a  100  KC  siusoidal  output 
maintaining  a  stability  of  1  v  RMS  1  .1  db  over 
the  temperature  range  and  for  6  months.  The 
output  signal  was  to  maintain  a  stability  of 
i  1  PPM  from  -l)0oC.  to  +?5°C.  The  most  difficult 
portion  of  the  specifics tioi.  was  t:.e  output 
requirements.  In  an  oveniztd  unit  *nln  require¬ 
ment  can  be  met  quite  readily,  wiierea.  ir  a  TCXO 
it  becomes  quite  difficult.  The  mason  for  the 
difficulty  is  that  ir.  a  TCXO  all  ot  ‘ t.«  circuitry 
sees  trie  entire  temperature  variation.  To 
maintain  the  constant  output  L  .1  JO  requires 
some  special  atientidn. 

A  3.2  MHz  oscillator  was  selected  because  of 
stability,  aging,  adn  environmental  requirements. 
Tills  frequency  was  divided  to  led  KHz  by  5  binary 
stages.  The  output  of  toe  -ast  binary  provides  a 
square  wave  with  excellent  amplitude  stability 
over  tne  temperature  range.  To  convert  this  to  a 
very  c.eai.  sine-wave,  a  differentia,  tuned 
amplifier  was  utilized.  Tn  addition  tc  tne 
differential  amplifier  approach,  the  tank  circuit 
of  t..e  amplifier  was  dt.ei.r-o  eucn  fiat 
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Abstract 

A  method  of  compensating  crvstal-controlled 
oscillators  operating  between  800  kHz  and  1500  kHz 
using  CT-cut  resonators  is  presented.  These  reso¬ 
nators  have  a  parabolic  temperature  characteristic 
haveing  a  parabolic  coefficient  of  approximately 
kppl08/°c2.  Compensation  is  realized  by  providing 
a  temperature-dependent  bias  voltage  to  a  varactor 
diode  placed  in  series  with  the  crystal  unit.  The 
bias  network  provides  a  parabolic  voltage- 
temperature  characteristic  having  its  turning- 
point  coincident  with  that  of  the  crystal  unit. 

In  order  that  the  temperature  compensation  be  inde¬ 
pendent  of  frequency  adjustments  of  the  oscillator 
an  inductor  is  placed  in  parallel  with  the  varactor 
and  a  d-c  amplifier  is  employed.  The  frequency 
stability  of  the  oscillator  over  a  temperature 
range  of  10°C  to  30°C  is  within. ±lppm  while  the 
oscillator  is  adjusted  ±2Cppm  from  the  nominal 
frequency. 

Introduction 

Several  reports  have  previously  been  pre¬ 
sented  on  temperature  compensation  showing  various 
methods  and  their  results*  These  methods,  however, 
were  used  primarily  with  AT-cut  resonators  both  on 
their  fundamental  and  overtone  modes  of  operation. 
There  exists,  nevertheless,  a  need  for  stable 
frequency  sources  in  a  frequency  range  where  the 
characteristics  of  the  AT-cut  resonutor  are  un¬ 
desirable  and  where  the  rectangular  DT-cut  reso¬ 
nator  becomes  difficult  to  manufacture  duo  to  its 
small  size. 


The  frequency  range  to  be  considered  in  this 
paper  is  that  between  800  kHz  and  1500  kHz. 
Temperature-compensated  oscillators  in  this 
frequency  range,  utilizing  rectangular  CT-cut 
resonators,  have  been  developed  to  meet  a  required 
frequency  stability  of  ilppn.  They  are  being  used 
as  time-base  generators  in  duta  set  receivers  and 
frequency  generators  for  carrier  systems.  Tne 
temperature  range,  the  size  limitations  imposed  on 
the  oscillators  and  the  undesirable  characteristics 
of  AT  and  DT  resonators  in  this  frequency  range  led 
to  the  choice  of  CT  resonators  for  these  appli¬ 
cations  . 


Crystal  Units 

Although  small  AT-cut  resonators  having  a 
low  ratio  of  capacitances  and  a  low  temperature 
coefficient  of  frequency  can  be  made  at  higher 
frequencies,  particularly  above  6  MHz,  such  is  not 
the  case  in  the  800  to  1500  kHz  range.  The  quartz 
plate  must  be  contoured  to  keep  it  as  small  as 
possible,  and  this  raises  the  ratio  of  capaci¬ 
tances  as  much  as  a  factor  of  2.  But  contouring 
is  not  sufficient.  It  appears  to  be  very  difficult 
if  not  impossible,  to  find  designs  at  all  frequen¬ 
cies  between  800  and  1500  kHz  which  consistently 
yield  units  having  good  frequency  temperature 
characterist_cs.  Also,  unwanted  flexure  modes  can 
unpredictebiy  couple  to  the  train  resonance  and 
cause  abrupt  frequency  changes,  sometimes  exceeding 
one  part  per  million. 

The  rectangular  vvT-eut  resonator  also  would 
seem  to  be  a  reasona,  ,e  choice  in  this  frequency 
range .  However1,  the  quartz  platf  becomes  extremely 
small  at  the  higher  frequencies.  Because  of  its 
snail  size  the  effective  ratio  of  capacitances  in¬ 
creases  since  the  capacitance  of  the  holder  becomes 
as  large  as,  or  larger  than,  the  static  capacitance 
of  the  plate.  Also,  the  effect  of  the  support 
Otru'ture  on  the  plate  tends  to  increase  the 
temperature  coefficient  of  the  unit  and  causes  in¬ 
consistency  in  the  turnover  temperature  among  units 
having  the  same  physical  dimensions.  Manufacturing 
would  be  difficult  due  to  handling  problems  associ¬ 
ated  with  the  small  size  and  the  yield  would  tend 
to  be  low  since  small  variations  in  either  plate  or 
electrode  dimensions  would  cause  relatively  large 
fluctuations  in  the  electrical  characteristics  of 
the  crystal  unit. 

It  appears  that  the  rectangular  CT-cut  reso¬ 
nator  is  a  reasonable  compromise  for  this  frequency 
range.  Even  though  it  has  a  higher  temperature 
coefficient  than  the  DT-cut  resonator,  it  does  have 
a  lower  ratio  of  capacitances  and  the  plate  size  is 
larger. 

Method  of  Compensation 

The  frequency-temperature  characteristic  for 
a  typical  recteaiulur  CT-cut  resonator  is  shewn  in 
Figure  1.  The  characteristic  is  parabolic  in  the 
vicinity  of  wurnover,  having  a  parabolic  coef¬ 
ficient  of  approximately  .’.pj  For  this 

cut,  the  ratio  of  capacitances  varies  fro.-  approxi¬ 
mately  3C*J  to  i. CO  over  the  frequency  range.  The 


magnitude  of  the  ratio  of  capacitances  indicates 
that  the  crystal  should  exhibit  reasonable 
frequency  pulling  characteristics.  On  the  other 
hand,  temperature  compensation  can  be  expected  to 
be  difficult  due  to  the  large  parabolic  coefficient 
of  the  frequency-temperature  characteristic. 


equations : 


£  = 
f 


2r 


V 


(3) 


Temperature  compensation  is  realized  by 
providing  a  varactor  diode  in  series  with  the 
crystal  unit  whose  bias  is  determined  as  a 
function  of  temperature.  Since  the  frequency- 
temperature  characteristics  of  the  crystals  to  be 
compensated  are  parabolic,  a  network  consisting  of 
resistors  and  thermistors  is  used  which  has  a  para¬ 
bolic  voltage  versus  temperature  characteristic. 

The  network  is  shewn  in  Figure  2. 

The  turnover  temperature  of  the  network  is 
determined  by  the  choice  of  component  values.  If 
it  is  assumed  that  thermistors  having  the  same 
temperature  coefficients  are  used,  then  the  ratio 
of  thermistor  resistance  at  the  desired  turning 
point  to  thermistor  resistance  at  25 °C  will  be 
fixed  and  can  be  expressed  as 

r(Tj 

=  r(25‘c)  ^ 


c,  <‘> 

where  Cjjy  is  the  varactor  diode  capacitance  with  a 
four  volt  back  bias,  V  is  the  required  bias  volt¬ 
age,  and  n  is  a  variable  which  can  vary  between  . 3 
and  .6.  A  third  method  of  determining  the  voltage 
characteristic  required  for  compensation  is  to  ob¬ 
tain  a  graphical  solution,  which  is  outlined  in 
Figure  3*  In  this  Figure  the  required  compensating 
characteristic  is  plotted  in  the  first  quadrant, 
equation  (3)  is  plotted  in  the  second  quadrant  and 
equation  (4)  is  plotted  in  the  third  quadrant.  The 
required  bias  voltage  versus  temperature  character¬ 
istic  is  obtained  by  sampling  the  compensating 
characteristic  in  quadrant  one  over  the  tempera¬ 
ture  range  of  interest,  moving  from  quadrant  to 
quadrant  normal  to  the  axis  at  the  value  deter¬ 
mined  in  the  previous  quadrant,  and  arriving  at 
the  required  solution  in  quadrant  four. 


which  will  depend  only  on  the  turnover  temperature 
T0.  It  can  be  shewn  that  the  temperature  coef¬ 
ficient  of  the  output  voltage  of  the  network  will 
be  zero  at  the  temperature  T0,  provided 

R  R 

8  <T0>  =  r  (25'c)  rP(25”C)  *  ^ 

s  p 

It  is  clear  from  an  examination  of  the  network  of 
Figure  2  that  the  magnitude  of  the  voltage  devi¬ 
ation  will  depend  upon  the  values  chosen  for  Rs  and- 
Rp.  The  curves  plotted  in  Figure  2  show  the  devi¬ 
ation  as  c  function  of  temperature  for  several  sets 
of  values  for  Rs  and  Rp.  It  is  seen  that  vari¬ 
ations  of  the  order  of  14$  of  the  applied  network 
voltage  can  be  obtained  for  temperature  changes  of 
±40°C  from  the  turning  point. 

Inspection  of  the  curves  of  Figure  2  reveal 
that  the  network  output  voltage  is  not  truly  para¬ 
bolic;  rather,  the  curves  are  steeper  for  tempera¬ 
tures  below  T0  than  they  are  at  corresponding 
points  above  T0.  However,  for  relatively  narrow 
temperature  ranges,  the  approximation  is  satis¬ 
factory.  If  a  wider  temperature  range  is  required, 
some  additional  components  must  be  used. 

The  voltage  characteristic  required  for 
compensation  can  be  obtained  by  several  methods. 

It  can  be  measured  directly  by  making  a  tempera¬ 
ture  run  on  a  crystal-controlled  oscillator  and 
measuring  the  varactor  bias  voltage  needed  to  main¬ 
tain  constant  frequency  as  a  function  of  tempera¬ 
ture.  Another  method  of  determining  the  required 
voltage  characteristic  is  to  calculate  the  required 
bias  voltage  using  the  compensating  characteristic 
necessary  for  compensation  and  the  following 


Design  Example 

For  a  specific  illustration  of  what  has  been 
presented,  let's  consider  the  design  of  an  oscil¬ 
lator  at  II30  kHz  operating  over  a  temperature 
range  of  13°  to  33°C.  The  crystal  is  a  CT-cut 
designed  to  be  adjusted  to  frequency  with  30  pf 
series  capacitance  having  its  turnover  temperature 
located  at  23±5°C. 

Since  very  few  crystals  exhibit  an  ideal 
characteristic,  as  was  illustrated  in  Figure  3, 
problems  arise  due  to  the  tolerances  required  in 
manufacture  of  the  crystal.  Shown  in  Figure  4  is 
a  marginal  compensating  characteristic,  i.e.,  one 
which  deviates  from  the  nominal  turnover  tempera¬ 
ture  by  five  degrees  and  whose  adjustment 
tolerance  is  8ppm  from  the  nominal  adjustment 
point.  It  is  seen  that  the  varactor  bias  voltage, 
to  initially  adjust  the  oscillator  to  frequency  at 
23°C,  has  changed  from  3.3  volts  in  Figure  3  to 
4.6  volts.  Also  it  is  seen  that  the  deviation  of 
bias  voltage  over  the  temperature  range  increases 
under  these  conditions. 

Due  to  the  range  over  which  the  nominal 
varactor  bias  point  can  vary,  the  slope  of  the 
varactor  characteristic  curve  over  which  the 
varactor  operates  also  varies  as  is  illustrated  in 
Figure  5.  Thus  each  adjustment  of  the  crystal 
frequency,  via  the  varactor,  requires  an  additional 
adjustment  of  the  compensation  network.  A  method 
of  minimizing  this  effect  is  to  effectively 
linearize  the  frequency-tins  characteristics.  This 
is  accaaplished  by  selecting  a  varactor  whose  Chv 
is  much  greater  than  that  required  to  Just  take  up 
the  adjustment  tolerance  and  by  piecing  an  inductor 
in  parallel  with  the  varactor  and  operating  the 


varactor  in  the  region  of  low  bias  voltages.  The 
voltage  required  for  compensation  is  reduced  as 
shown  in  Figure  6,  thus  further  reducing  the 
change  in  slope  of  the  varactor  characteristic 
curve  over  which  the  varactor  operates. 

Although  it  was  shown  previously  that  various 
magnitudes  of  voltage  deviation  could  be  attained 
for  a  given  turnover  temperature  by  varying  Rs  and 
Rp,  in  accordance  with  equation  (2),  it  is  diffi¬ 
cult  to  attain  the  correct  voltage  deviation  while 
maintaining  the  correct  turnover  temperature  due 
to  the  discrete  values  of  components  commercially 
available.  In  order  to  increase  the  flexibility 
of -the  compensation  network,  a  d-c  amplifier  is 
employed.  This  allows  one  to  independently  adjust 
the  turning  point  and  the  magnitude  of  the  varactor 
bias  voltage. 

The  compensation  network  employed  is  shown 
in  Figure  7  and  is  seen  to  consist  of  the  follow-  . 
ing:  the  bridge  circuit  which  provides  a  voltage 
characteristic  having  the  correct  turning  point 
and  allows  adjustment  for  the  adjustment  tolerance 
of  the  crystal;  a  d-c  amplifier,  to  provide  the 
proper  magnitude  of  the  voltage  deviation;  and  the 
varactor  with  a  parallel  inductor  which  reduces 
the  required  bias  voltage  deviation  and  effective¬ 
ly  linearizes  the  operating  region  of  the  varactor; 

Due  to  the  impedance  of  the  varactor  and  the 
frequency  stability  versus  drive  level  character¬ 
istic  of  crystal  resonators,  it  was  decided  to 
maintain  the  crystal  drive  level  at  approximately 
50  micro-amperes.  To  achieve  this  an  oscillator 
as  shown  in  Figure  8  was  used.  The  utilization  of 
Qq  and  Qg  satisfies  the  gain  requirement  while  the 
tank  circuit  in  the  collector  of  Qg  provides  the 
required  phase.  Phase  adjustment  is  initially 
accomplished  by  replacing  the  crystal  unit  and  the 
varactor  with  a  resistor  of  the  equivalent  series 
resonant  inpedance  and  adjusting  Lq  until  the 
nominal  oscillator  frequency  is  obtained.  The 
limiting  diodes  (CRg  and  CRg)  and  the  capacitive 
voltage  divider  provide  the  desired  drive  level. 

Figures  9  and  10  show  the  results  obtained 
with  one  oscillator  which  is  typical  of  the 
performance  of  the  other  oscillators  spanning  the 
frequency  range.  In  Figure  9  is  shown  the  crystal 
frequency  versus  temperature  characteristic  before 
and  after  compensation.  It  is  seen  that  an  im¬ 
provement  factor  of  7  is  readily  achieved.  In 
Figure  10  the  frequency  versus  temperature  charac¬ 
teristics  are  shown  for  which  the  oscillator  is 
adjusted  ±2 Op pa.  It  is  seen  that  frequency  devi¬ 
ations  of  less  than  ilppm  can  be  maintained  over 
the  temperature  range  for  both  extreme  operating 
points . 


Summary 

In  summary,  temperature-compensated, 
crystal-controlled  oscillators  have  been  .developed 
for  a  frequency  range  where  compensation  hereto¬ 
fore  has  not  been  discussed.  In  this  frequency 
range,  from  800  kHz  to  1500  kHz,  it  appeared  that 
the  rectangular  CT-cut  resonator  would  be  a 
reasonable  compromise  due  to  poor  frequency- 
temperature  characteristics  of  the  AT-resonator 
and  the  high  ratio  of  capacitance  and  handling 
problems  encountered  with  the  rectangular  DT-cut 
resonator.  While  the  CT-cut  resonator  exhibits  a 
high  parabolic  coefficient  of  its  frequency 
temperature  characteristics,  it  was  shown  that 
compensation  was  possible  through  utilization  of  a 
DC-amplifier  and  the  use  of  varactors  whose 
capacitance  at  four  volts  is  high  compared'  to  the 
design  load  capacity.  The  results  of  compensating 
these  crystals  shew  that  stabilities  in  the  order 
of  ±lppm  over  a  ±10°C  interval  is  readily  ac¬ 
complished  and  that  frequency  adjustment  of  ±20ppm 
can  be  achieved  while  maintaining  frequency 
stabilities  within  tlppn;  - 
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Sum  err 

Despite  the  exoellent  stability, 
perfortuaoe,  aadm.t.b.f.  figures  for  high  grade 
Crystal  frequency  standards,  recent  innovations 
require  better  noise  purity  olose  to  the 
standard  output  frequency.  This  improvement  in 
purity  will  aid  the  flexibility  of  a  nee  trans¬ 
mission  system  allowing  contiguous  transmission 
and  reception  frequencies.  A  revised  specifica¬ 
tion  suitable  for  the  users  of  $0 %  of  standards 
in  the  0.K.  is  detailed. 

Introduction 

The  Royal  Navy  is  the  major  user  of  high 
grade  frequenoy  standards  in  the  United  Kingdom, 
having  installed  more  than  500  standards  (made 
by  Raoal  Instruments)  into  operational  oraft. 
These  are  based  on  a  5  NHs,  5th  overtone  quarts 
orystal,  and  have  proved  extremely  reliable  with 
a  mean  time  between  failure  greater  than  10,000 
hours.  They  have  elaborate  ovens  to  produce 
good  stability  against  environmental  fluctuations 
and  a  low  drive  level  to  maintain  long  term 
stability.  The  stability  over  periods  of 
seoonds  to  days  is  for  phase  modulated  and 
single  sideband  communication  systems  two  to 
four  orders  higher  respectively  than  is  required 
for  operational  use,  although  the  aoouraoy  over 
periods  of  months  to  years  is  only  barely  ade¬ 
quate  and  relies  on  transmitted  time  and 
frequenoy  Information.  This  is  unreliable  in 
war  time  and  introduces  further  complication 
and  expense. 

frequency  Stability  and  Noise  Purity 

It  is  therefore  appropriate,  in  the  light 
of  possible  future  innovations,  to  restate  the 
actual  requirement  for  HP  communications.  A 
stability  of  1  in  10^  measured  with  a  sampling 
time  of  10  ms  provides  an  adequate  short  term 
stability  provided  that  a  long  term  drift  rate 
of  one  or  two  parts  in  1011  p#r  Month  ia 
possible. 

This  inversion  of  the  specification  follows 
on  from  the  introduction  into  the  Royal  Navy  of 
a  number  of  General  Technology  Rubidium 
standards.  It  is  well  known  thst  these  are  not 
Primary  standards,  but  if  each  Rubidium  cell  is 
pre-calibrated  and  documented,  such  that  any 
standard  can  be  repaired  at  aea  to  a  known  fre¬ 
quency  within  1  ia  109  then  this  state  is 
primarily  satisfactory.  Any  sophisticated 
ablpbomo  communication  system  must  be  capable 
of  correcting  offset  errors  in  excess  of  1  in 
10?  which  is  tho  Doppler  equivalent  to  two 


•hips  with  a  relative  speed  of  60  knots.  A  ship, 
anchored  fore  and  aft,  in  the  most-  sheltered  bay, 
still  could  not  meaningfully  use  stabilities 
available  in  the  laboratory  due  to  ship  move¬ 
ments.  Apart  from  the  frequency  stability,,  for 
both  transmission  and  reception,  the  purity  at 
frequencies  close  to  the  frequenoy  standard 
output  is  of  extreme  importance.  Two  problems 
emerge.  Por  transmission  to  take  place 
simultaneously  with  reception  at  other  frefienoles 
own  ship  transmissions  must  not  extend  across 
the  frequency  hand  to  the  reception  frequency 
and  secondly  the  Receiver  Local  Oscillator  must 
not  allow  inverse  mixing  to  take  place.  This 
is  shown  in  Pig.  1.  A  wanted  1  yuV  signal  mixes 
with  the  Receiver  Local  Oscillator  to  produce 
the  i.f.  frequency  signal,  at  which  stage 
information  bandwidth  filtering  may  ooour.  An 
unwanted  adjacent  ohannel  signal  of  large  ampli¬ 
tude  also  acts  as  the  looal  oscillator  to 
signals  spaced  at  the  i.f.  frequency  from  it. 

One  of  these  is  obviously  the  noise  sidebands  of 
the  Reoeiver  Local  Oscillator.  An  additional 
intermediate  frequenoy  signal  is  thus  produced 
with  possible  masking  of  the  wanted  signal.  In 
order  to  assess  the  degree  to  whioh  any  partic¬ 
ular  oeoillator  is  prone  to  this  effect,  the 
experimental  rig  also  shown  in  Pig.  1  is  set  up 
and  it  corresponds  closely  to  the  practical 
situation.  A  first  grade  HF  receiver,  made  by 
the  British  G.E.C.  is  used  with  cascaded  narrow- 
band  i.f.  filters  to  determine  the  level  of  an 
unwanted  signal  marked  1 B 1  at  frequencies 
progressively  removed  from  the  wanted  signal  'A'. 
The  sourco  under  test  is  the  receiver  local 
oscillator,  but  for  comparison  is  replaced  by 
atandard  frequenoy  sources.  Tho  resulting  plot 
shown  in  Fig.  2  indicates  the  degreo  of  filter¬ 
ing  necessary  to  achieve  an  acceptable  level. 

It  is  seen  from  Fig.  2  that  the  Crystal  standard 
has  a  low  signal-to-noise  ratio  because  the 
crystal  is  Juft  oscillating  at  about  1  aM  in 
order  to  prevent  excessive  aging;  therfe  is  no 
such  limitation  with  the  Rubidium  standard  whose 
bard  driven  orystal  is  corrected  by  the  Rubidium 
Servo  Loop  and  has  an  excellent  signal-to-noise 
ratio. 

For  existing  triple  mix  synthesisers, 
harmonics  are  derived  from  the  frequency 
standard  and  selected  by  filters  before  combining 
If  the  20th  harmonio  of  the  frequenoy  standard 
5  Ho/s  output  is  considered  at  100  Hc/s,  then  the 
purity  at  that  point  the  synthesiser  is  26  dB 
worse  than  is  shown  in  Fig.  2.  This  worsening 
of  purity  is  offset  in  some  receivers  by  the 
synthesiser  frequency  being  phase  locked  to  the 
-.ormal  free  running  receiver  locel  oscillator, 
ti.xs  ecting  as  a  high  Q  filter  to  provide  an 
ucitiional  40  dB  of  filtering. 


Ugage  of  Pr*au*ncv  Standards 

Existing  R.H.  Hf  Transmission  Syitses  us*  a 
Marconi  wide -band  power  amplifier  to  produo* 

1  kf  signals.  In  order  to  oouple  many  1  HF 
signals  to  a  single  wide-band  aast-struotur* 
aerial,  it  is  neoessaiy  to  use  ocmmon  aerial 
working  tuned  filters.  These  filters  pr*7ent 
power  at  other  frequencies  from  feeding  hook 
into  the  transmitter  with  whioh  the  filter  is 
associated.  However,  the  tuaed  frequencies  of 
thee*  filters  have  to  be  separated  by  1#  to 
provide  the  necessary  attenuation  between 
transmitters  adjacent  in  the  frequency  speetrua. 
At  %  off  t<ui*  the  transaitted  noise  sidebands 
are  at  best  140  dB  down  on  the  transmitter  peak 
envelop*  power,  aad  reoeivers  oan  detect  low 
aaplitud*  signals  only  if  they  are  interlaced 
between  local  1  pjfi  spaced  transaissions.  However, 
two  innovations  alter  tbi*  situation  to  an 
extent  that,  once  again,  the  purity  of  the 
frequency  standard  beocaes  predominant,  firstly, 
receiving  aerials  are  being  equalised  as  shown 
iaSfcJi.  The  30  foot  whip  aerial  was  evolved 
to  provide  enough  signal  at  2  lo/s  ulcere  nearly 
20  dB  of  mismatch  loss  ocours  when  feeding  a 
50  oha  receiver.  Consequently,  at  the  quarter 
wav*  resonance  auoh  nor*  ataospherio  noise  is 
received  than  is  necessary  to  swaap  receiver 
noise. 

Secondly,  a  new  transmission  system 
(Ref.  *)  is  being  considered  which  allows 
transmission  without  frequency  separation 
restrictions.  As  shown  in  flit.  A.  autoaatio 
routing  of  individual  aodulated  signals  is 
possible  using  the  phase  switohed  hybrid  trans- 
foraers  as  power  swltohes.  This  untuned  system 
is  possible  now  that  Maronni  have  produced  an 
Improved  linear  power  aaplifier,  able  to  with¬ 
stand  a  3:1  aisaatoh  whilst  aaintainixg 
excellent  linearity  at  full  power. 

Tlx.  5  shows  a  series  of  aodulated  trans¬ 
missions  available  with  any  frequency 
separation;  the  inband  intermcdulation  produots 
between  these  transaissions  will  appear  in  this 
foraat  for  the  relative  spaoing  shown  whether 
this  is  1  or  100  kc/s  per  division.  Heception 
at  the  particular  frequencies  at  whioh  lnter- 
aodulation  produots  oocur,  irrespective  of  the 
transmission  systea  used,  is  difficult  and 
improved  linearity  of  say  10  dB  will  not  alter 
th*  situation.  However,  improved  linearity 
will  oause  the  higher  order  intermodulation 
products,  soa*  of  which  appear  inband,  to  fall 
very  rapidly.  Reotption  will,  therefore,  be 
possible  in  the  regions  between  these  produots 
providing  that  th*  close-in  nolee  of  the 
frequency  standard,  end  hence  the  transmitter 
drive  unit  and  receiver,  allow  >120  dB^, purity  in 
a  3  kc/s  bandwidth,  10  ko/s  away  from  the 
transmission  or  reception  frequencies.  This 
improvement  in  close-in  purity  froa  $  off  tune 


to  10  kc/s  off  tune  is  possible  only  if  we  depart 
froa  the  triple  mix  synthesis  process  with  its 
inherent  noise  due  to  cascaded  mixers  optiaised 
between  noise  aad  linearity. 

Phase  Modulated  Coaaonloation  System 

Tig.  6  shows  th*  effect  of  osoillator 
phase  perturbation  on  th*  integration  of  a  'bit' 
when  ooapared  coherently  with  th*  phase  of  a 
preceding  bit.  The  etability  within  th*  sampling 
period  considered,  without  regard  to  the  purity, 
oan  be  seen  to  be  adequate  for  the  triple  mix 
system  whilst  that  of  a  prototype  simple  digital 
synthesiser  is  shown  to  be  inadequate.  However, 
acre  advanced  digital  synthesiser  systems  now 
being  developed  by  Plessey,  provide  th* 
necessary  stability  for  phase  aodulated 
ooaaunieation  systems  together  with  the 
advantage  of  good  purity  derived  froa  th*  phase 
locked  oscillator.  This  performance  oan  be 
extended  to  give  fast  aocess  tuning  systems, 
where  this,  too,  is  an  essential  requirement. 

Conclusion 

As  a  result  of  the  innovations  disoussed 
above  a  new  specification  is  required  for 
frequency  standards  to  provide:  - 

(i)  Atomic  Timescale  (Al). 

(ii)  Capability  of  repair  at  sea  to  an 
eccurooy  of  1  in  109, 

(iii)  A  stability  for  all  sampling  times 
above  ioms  of  1  in  10^. 

(iv)  A  noise  content  more  than  140  dB 

below  the  standard  frequency  output 
at  5  Mc/s  measured  in  a  2C0  c/s 
bandwidth  at  10  kc/s  from  the 
standard  output. 

Such  a  specification  would  appear  to  be 
realisable  with  a  simplified  Rubidium  standard. 
Suoh  a  standard,  with  pre-calibrated  replace¬ 
ment  lamps,  can  be  classed  as  a  primary  standard 
for  communication  requirements  at  sea. 
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DIGIPHASE  SYNTHESIZER 


Garry  C.  Gillette 
Dana  Laboratories,  Inc. 
Irvine,  California 


Summary 

Indirect  or  digital  synthesizers  can  have  many 
desirable  characteristics,  such  as  integrated 
circuit  construction,  few  L-C  circuits,  fast 
switching,  low  spurious  and  phase  noise,  and 
small  size  and  cost.  Their  limitations  have 
been  in  simultaneously  achieving  good  short 
term  stability  and  having  small  frequency  Incre¬ 
ments.  The  "Digiphase"  technique  described 
here  is  an  example  of  a  new  form  of  computing 
synthesizer  which  removes  these  limitations. 

As  a  result  of  digital  control,  phase  and  freq¬ 
uency  may  be  simultaneously  programmed.  Freq- 
uencyrampcan  also  be  very  accurately  generated 
with  a  stepped  frequency  program. 


Digiphase  Technique 

The  example  treated  here  is  that  of  a  D.C. 
to  11  MHz  synthesizer.  The  output  is  obtained 
by  the  construction  of  a  digital  synthesizer  with 
frequency  range  40  to  SI  MHz,  in  1  Hz  steps. 

The  basis  of  the  Digiphase  concept  is  that  of 
computing  the  desired  numerical  value  of  the 
phase  of  an  ideal  signal  (in  units  of  cycles  and 
fractional  cycles),  and  then  forcing  the  phase  of 
a  measured  signal  to  exactly  agree  with  this  com¬ 
puted  phase  by  means  of  a  control  loop. 

To  mechanize  this  one  must  note  first  that  the 
measurement  of  integer  cycles  of  phase  can  be 
performed  digitally  by  simply  counting  axis  cross¬ 
ings  of  an  assumed  sinusoidal  incoming  wave¬ 
form.  The  interval  remaining  between  the  last 
axis  crossing  and  a  convenient  fixed  frequency 
clock  yields  a  time  delay.  This  delay  can  be 
converted  into  an  analog  quantity  proportional 
to  the  fractional  cycle  remainder  of  the  measur¬ 
ed  phase.  In  the  synthesizer  described  here  we 
measure,  program,  and  control  this  interval  in 
units  of  200  femptoseconds.  By  being  able  to 
digitally  measure  integer  cycles  and  analogly 
measure  fractional  cycles,  and  being  able  to 
numerically  compute  their  ideal  values  on  a 
rapid  basis,  one  can  compare  the  two  values  and 
obtain  a  sampled  data  error  signal  to  be  supplied 
to  a  correction  loop. 

Since  It  is  generally  not  desired- to  simply 
have  a  fixed  phase  output,  but  one  of  a  con¬ 
stant  phase-rate  or  frequency,  the  phase  com¬ 
puter  portion  must  digitally  integrate  the  pro¬ 
grammed  frequency  over  a  sufficiently  long  in¬ 
terval,  and  store  the  result  of  this  computation 
in  a  phase  control  register.  This  computation 
must  be  updated  at  a  rate  equal  to  the  sample 


rate  in  the  control  loop.  In  the  example  describ¬ 
ed  here  the  rate  is  100  kHz.  The  front  panel 
frequency  is  a  seven  digit  decimal  number  with 
1  Hz  resolution,  and  when  integrated  the  numeri¬ 
cal  value  of  the  phase  has  a  minimum  increment 
of  10“5  cycles,  for  the  10  psec.  clock  interval. 
Computed  phase  value  is  increased  or  increment¬ 
ed  from  between  400  and  510  integer  cycles  every 
10  p  sec.  to  span  the  range  of  40  to  51  MHz. 

The  remaining  fractional  cycle  portion  of  the  com¬ 
puted  phase  contains  a  numerical  value  which 
should  correspond  to  the  analog  output  obtained 
from  the  phase  detector  if  the  input  frequency  and 
phase  are  correct  as  generated  by  the  loop. 

In  Figure  1  is  shown  the  comparison  technique 
between  counted  and  computed  cycles.  If  one 
assumes  a  frequency  of  40  MHz  +  1  Hz  and 
zero  initial  phase  to  be  programmed,  the  integer 
cycle  portion  of  the  phase  register  increases  in 
increments  of  400  cycles  every  10  p  sec.  The 
fractional  cycle  portion  increases  in  increments 
of  10“5  cycles,  and  only  until  1  sec.  later  does 
an  overflow  occur  between  the  two  regions  of  the 
register,.  At  this  time  the  integer  cycle  portion 
has  a  larc;e  multiple  of  the  400  cycle  increment 
(lO^S)  plus  one  cycle.  This  process  continues 
on,  and  at  the  end  of  two  seconds  there  is  an 
integer  multiple  of  400  cycles  (2  x  10s)  plus 
two  cycles  in  the  integer  portion  of  the  register. 
By  simply  doing  no  more  than  insuring  that  the 
average  output  value  of  the  comparator  is  zero 
one  can  lock  the  loop  input  frequency  to  the  pro¬ 
grammed  frequency,  since  at  no  time  will  the  two 
differ  by  as  much  as  1  cycle  of  phase. 

Tigure  2  contains  a  schematic  plot  of  the  num¬ 
erical  value  of  both  the  fractional  and  integer 
components  in  the  phase  register  for  some  arbi¬ 
trary  program  frequency.  When  the  fractional 
cycle  portion  builds  up  to  a  value  of  1  cycle  of 
phase  it  overflows  into  the  integer  value  portion 
and  is  itself  reset  to  zero  again.  The  control 
loop  responds  to  the  Integer  cycles  line  of  the 
graph  in  this  simplified  case,  but  it  is  important 
to  note  that  the  difference  between  this  and  the 
ideal  performance  is  exactly  the  fractional  cycles 
line  on  the  graph.  (This  must  be  so  by  the  equa¬ 
tion  for  phase  at  the  top  of  the  graph).  One  can 
then  construct  a  supplementary  phase  modulation 
signal  from  the  fractional  cycle  portion  of  the 
phase  register  .  Here  it  is  of  course  assumed  the 
phase  detector  is  linear,  as  in  the  case  of  a 
flip-flop. 

From  Figure  1 ,  if  one  programs  into  the  loop 


t  - 


input  frequency  40  MHz  and  1  Hz,  and  the  same 
into  the  phase  computer,  there  will  exist  a  1  Hz 
"beat  note"  on  the  output  of  the  flip-flop,  due  to 
the  manner  in  which  the  input  frequency  and  com¬ 
puter  are  advancing  away  from  the .100  kHz  clock. 
This  beat  note  does  not  represent  a  frequency 
error  in  the  system,  since  the  two  are  identically 
at  the  same  frequency  and  phase.  It  is  simply  a 
linear  saw  tooth  of  undesired  phase  noise.  The 
value  of  the  beat  note  or  sawtooth- is  exactly 
proportional  to  the  fractional'  cycle  portion  in  the 
phase  register,  as  plotted  In  Figure  2.  The  frac¬ 
tional  cycle  portion  of  the  phase  register  is  then 
converted  into  an  analog  quantity  scaled  exactly 
to  oppose  the  value  in  the  F/F  phase  detector, 
and  summed  together  with  the  output  of  the  phase 
detector.  Under  these  circumstances  the  output 
of  this  particular  phase  detector  is  nulled  and 
the  loop  sees  no  phase  error.  The  end  result  is 
that  the  loop  settles  <to  exactly  the  phase  value 
programmed  by  the  computer,  including  fractional 
cycle  increments.  Since  control  of  the  phase  has 
been  achieved  it  may  be  programmed  along  with 
phase-rate  of  frequency,  as  computed  by  an  in¬ 
ternal  arithmetic  unit. 

The  synthesizer  block  diagram  is  shown  in 
Figure  3 .  The  reference  timing  generator  con¬ 
tains  a  40  MHz  T.C.X.O.  with  circuitry  to  lock 
to  an  external  standard  at  ,1,  1,  5,  and  10  MHz. 
By  this  technique  the  good  short  term  stability  of 
the  internal  T.C.X.O.  can  be  optimally  combined 
with  the  long  term  stability  of  a  low  power  ref¬ 
erence  oscillator.  The  40  MHz  signal  is  then 
buffered  and  divided  down  to  generate  the  various 
100  kHz.  timing  signals  used  by  the  phase  com¬ 
puter.  External  outputs  are  supplied  at  10,  S, 

1,  and  .1  MHz  from  the  dividers. 

The  edge  transition  output  of  the  comparator 
and  the  1 00  kHz  edge  from  the  timing  generator 
are  used  by  the  linear  phase  detector  to  generate 
an  output  current  pulse  whose  duration  is  equal 
to  the  differential  time  delay  of  the  input  edges. 
This  pulse  is  summed  with  the  output  of  the 
B.C.D.  to  analog  converter  at  the  amplifier 
current  summing  node  input.  Any  difference 
current  at  this  point  passes  through  the  series 
R-C  feedback  of  the  loop  amplifier  to  generate 
a  correction  signal  to  the  V.C.O.  The  ripple 
created  by  the  current  pulses  is  filtered  Inside 
the  first  minor  loop  G  (s) ,  and  then  again  by  a 
7  pole  low  pass  on  the  amplifier  output.  These 
two  combined  yield  a  total  rejection  greater  than 
100  dB  at  the  100  kHz  sample  rate. 

The  40-51  MHz  V.C.O.  is  heavily  Isolated 
by  multiple  use  of  several  stages  of  dual-gate 
M.O.S.  field  effect  transistor  buffers  driven  at 
very  high  level.  This  technique  reduces  the 
possibility  of  interaction  between  logic  and  out¬ 
put  by  greater  than  100  dB.  All  inputs  and  outputs 
are  clamped  by  hot  carrier  diodes  to  minimize  any 
amplitude  modulation. 

The  mixer  output  is  filtered  by  a  7  polo  low 
•pass  filter  and  amplified  by  a  wido-band  direct 


coupled  amplifier  to  the  required  2  V  behind  50  ft 
level.  Front  panel  level  adjustment  is  accom¬ 
plished  by  voltage  controlling  the  level  of  the 
input  40  MHz  over  a  10  dB  range.  A  10  dB 
per  step  attenuator  is  then  used  to  enable  contin¬ 
uous  level  control  over  a  90  dB  range. 

Figure  4  is  a  detailed  block  diagram  of  the 
phase  computer  and  comparator.  The  computa¬ 
tional  technique  used  is  that  of  digitally  in¬ 
tegrating  the  front  panel  frequency.  This  can  be 
expressed  by:  n 

4>  n= 

i=0 

A$j=fjAt  where  At=  10"Ssec, 

which  is  a  sampled  version  of  the  continuous 
expression 

t 

4>t  =/ f  dt 

This  operation  is  done  by  sequencing  both 
the  frequency  and  previous  phase  value  least 
significant  bit  first  into  the  B.C.D.  adder  and 
entering  the  result  into  the  phase  register.  Tim¬ 
ing  for  this  process  is  provided  by  multiphase 
100  kHz  signals  generated  in  the  sequence  gen¬ 
erator. 

Integer  cycles  of  phase  are  accumulated  first 
in  a  high  speed  bi-quinary  divider  circuit  using 
MECL  II  logic.  The  4  to  5 . 1  MHz  output  rate 
is  then  divided  by  standard  T2L  decade  counters. 
The  comparison  signal  is  generated  by  feeding 
the  complement  of  the  desired  count  into  a 
T2L  hex  adder,  and  then  using  the  carry  output 
as  a  transition.  In  the  high  speed  decade  the 
phase  B.C.  D.  information  is  first  converted  to 
decimal  so  that  each  of  ten  possible  values  is 
treated  independently  with  minimum  delay.  The 
output  transition  of  the  comparator  is  then  synch¬ 
ronized  to  an  exact  axis  crossing  of  the  Input 
V.C.O.  frequency  to  remove  any  jitter  introduced 
by  variable  delays  in  the  logic. 

Figure  5  is  a  block  diagram  of  the  means 
used  to  create  a  sampled  linear  ramp  whoso 
amplitude  is  programmed  by  the  fractional  cycle 
value  in  the  phase  register.  In  this  process  a 
T.A.C.  is  used,  for  time  to  analog  convertor. 
When  the  count  gate  is  opened  the  gate  flip 
flops  are  all  simultaneously  reset.  After  the 
prescribed  number  of  pulses  have  been  counted 
by  the  decade  counter  the  hex  adder  generates 
a  carry,  which  sets  the  individual  decade  flip 
flop.  In  this  manner  the  number  of  counts  con¬ 
tained  in  each  gate  interval  is  determined  by  the 
number  in  the  phase  register  decade.  By  decade 
weighting  the  divider  the  contribution  of  each 
gate  is  scaled  to  the  appropriate  phase  register 
decade. 

Figure  6  shows  the  loop  block  diagram,  which 
is  similar  to  numerous  others  covered  in  the  lit¬ 
erature.  Bv  inserting  part  of  the  low  pass  filter 


inside  the  first  minor  loop  its  phase  shift  is 
cancelled  by  the  loop  gain  in  the  minor  loop.  As 
seen  from  the  Bode  plot,  loop  bandwidth  is  10kHz 
which  assures  locking  over  the  entire  synthesizer 
range.  The  phase  detector  transfer  is  described 
by  transconductance  since  it  gives  a  linear 
current  output  for  a  linear  input  time  delay. 


Phase  Noise 

Particular  attention  was  paid  to  sources  of 
random  phase  noise.  In  Figure  7  the  single 
sideband  noise  of  the  V.C.O.  is  plotted.  The 
V.C.O.  determines  the  output  noise  for  offset 
frequencies  greater  than  the  loop  bandwidth  of 
10  kHz.  For  offset  frequencies  less  than  10  kHz 
thermal  noise  sources  in  the  amplifier  and  phase 
detector  create  a  white  noise  floor  for  voltage 
applied  to  the  varactor.  This  then  is  transformed 
into  a  4.  spectrum  of  phase  by  the  V.C.O.  for 

offset  frequencies  close  to  the  carrier.  Figure  8 
shows  the  closed  loop  phase  noise  performance 
of  the  synthesizer. 


V.C.O. 

Figure  7  contains  a  schematic  of  the  F.E.T. 
V.C.O.  In  order  to  minimize  series  resistance 
to  the  varactor  and  still  maximize  Q  the  grounded 
gate  F.E.T.  was  direct  coupled  to  the  tank.  The 
dual  gate  F.E.T.  supplies  a  convenient  gain 
control  and  excellent  isolation  to  the  output 
buffers.  Hot  carrier  diodes  are  used  as  AGC 
elements  by  limiting  the  peak  current  delivered 
to  the  tank.  It  is  interesting  to  observe  that  the 
phase  noise  performance  indicates  a  1  Hz  offset 
frequency  noise  of  -112  dB,  or  L  (1)  =  -112  dB  in 
the  notation  of  Dr.  D.  Halford  as  presented  at  the 
22nd  Annual  Symposium  on  Frequency  Control. 
This  Indicates  close  agreement  with  his  measured 
values  for  field  effect  transistors. 


VLF  Output 

A  400-510  kHz  V.C.O.  4*  100  output  is  ob¬ 
tained  from  the  B.C.D.  accumulator  on  the  logic. 
This  is  mixed  with  a  fixed  frequency  400  kHz  sig¬ 
nal  from  the  reference  timing  generator  to  achieve 
a  D.C.  to  110  kHz  V.L.F.  output.  Phase  noise 
and  spurious  are  reduced  by  as  much  as  40  dB, 
yielding  a  high  performance  output  with  .01  Hz 
resolution. 


Search 

Search  provides  a  decade  range  of  contin¬ 
uously  variable  offset  frequency  which  is 
voltage  controlled.  A  block  diagram  of  this 
section  is  shown  in  Figure  9 .  The  input  control 
voltage  establishes  a  rate  on  the  output  ramp  of 
the  integrator.  When  either  the  upper  or  lower 
limit  is  reached  the  reset  control  logic  supplies 


the  correct  reset  polarity  to  the  integrator  and 
commands  the  logic  to  add  the  appropriate  ±  10+^ 
cycles  of  phase  to  its  instantaneous  value,  where 
N  =  1 ,  0,  -1 ,  -2,  -3,  -4,  -5.  The  full  scale  re¬ 
set  rate  in  the  integrator  is  adjusted  to  be  100  kHz, 
which  when  multiplied  by  the  10*N  phase  scale 
factor  yields  a  search  range  of  ±1  Hz  to  ±1  MHz 
around  the  program  frequency.  The  fractional 
cycle  phase  modulation  signal  required  by  the 
Digiphase  technique  is  supplied  by  a  decade 
weighted  attenuator  connected  to  the  integrator 
output.  This  smoothly  advances  the  loop  10+N 
cycles  before  a  step  of  10*N  is  added  to  the 
logic  at  the  asynchronous  reset  rate  of  the  in¬ 
tegrator. 


Performance 

Figure  10  lists  the  important  performance 
specifications  of  both  outputs.  Measured 
performance  indicates  a  30  kHz  signal  to  phase 
noise  of  -60  dB  for  the  11  MHz  output  and  -90  dB 
for  the  110  kHz  output.  Typical  near-in  side¬ 
band  spurious  are  less  than  -70  dB  for  the  11  MHz 
output,  and  -100  dB  for  offset  frequencies  great¬ 
er  than  100  kHz  from  the  carrier.  Fractional 
frequency  deviation  was  measured  by  amplifying 
the  D.C.  phase  fluctuations  on  the  output  of  a 
mixer,  and  then  sampling  this  output  at  1  sec<'- 
intervals  with  a  fast  digital  voltmeter  connecteu 
to  a  printer.  The  first  difference  of  the  readings 
were  RMS  averaged  on  a  computer  for  100  samples. 
Settling  time  was  measured  to  be  less  than  2 
m  sec  for  a  10  MHz  step  in  frequency.  Figure  11 
shows  the  output  response.for  a  10  kHz  to  30  kHz 
frequency  change.  Since  only  one  V.C.O.  is  used 
output  phase  is  always  continuous  and  amplitude  is 
constant  during  switching.  Phase  stability  with 
temperature  Is  excellent,  due  to  digital  division 
and  no  tuned  circuits  in  phase  sensitive  areas. 


Construction 

As  shown  In  Figure  12  construction  of  the 
logic,  power  supply,  and  search  is  on  two-sided 
P.C.  cards  which  are  joined  to  the  synthesizer  via 
a  common  mother  board.  Front  panel  switches 
mount  to  a  common  P.C.  board  which  then  connects 
to  the  logic  mother  board  .  Tour  modules  made 
from  a  common  extrusion  mount  the  remaining 
8  P.C.  boards.  Each  module  is  removeable  for 
servicing  with  power  and  signal  connectors 
mounted  on  the  bottom  of  the  module.  In  the  logic 
section  7400  Series  T^L  medium  scale  Integration 
circuits  are  used  for  computing  and  MECl  II  series 
is  used  for  high  speed  applications. 


Conclusion 

The  Digiphase  technique  described  here  has 
many  unique  properties,  such  as  coherent  phase 
and  frequency  programmability,  search  operation, 
small  frequency  increments  with  high  sample  data 
rate,  and  fast  switching.  As  a  result  of  the  high 
sample  rate  and  careful  design  phase  noise  per- 


formance  is  greatly  improved.  All  of  the  advantages 
of  the  digital  approach  are  retained  without 
any  implicit  performance  restrictions. 
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SYNTHESIZER  SPECIFICATIONS 


•  Frequency  Range 

DC  to  10,999.999  H/ 

DC  to  109,999.99  Hz 

Lead  Step 

1  11/ 

.01  Hz 

■  Output  Voltage 

t  volt  RMS,  into  50  ohms 

1  volt  RMS,  into  50  ohms 

from  50  ohm  source 

from  50  ohm  source 

»  Vetnicr 

0  to  -  10  dll 

0to  -10  (IB 

Frequency  Response 

-Idll.DC'lolOMII/ 

*1  dB,  DC  to  100  kHz 

Spurious  Outputs  (Non-harmonic) 

-90  dB 

-90  (IB 

(Sidebands  within  1.  ±  100  kHz) 

-60  dB 

-90  dB 

(Harmonic) 

-  30  dB 

-50  dB 

Signal  to  Phase  Noise 

Within  U  *  15  kHz  (excluding  ~  10  Hz  from  f»l 

90  (10/11/ 

130  dB/Hz 

Beyond  f«  ±15  kHz  (excluding  *10  Hr  from  f») 

110  dB/Hz 

130  dB/Hz 

Total  in  Band  f.  -  15  kHz  (excluding  *  1  tic  front  f.) 

51  dB 

85  dB 

Signal  to  AM  Noise  f.  *  15  Lll/  (excluding  r  1 11/  front  f.t 

84  (IB 

84  (IB 

Frequency  Switching  Time 

10ns  synchronous. 

10ns  synch(onous, 

.  _  -  _______ 

.’On s  worst  case 

20ns  worst  case 

Frequency  Settling  Time 

<1  MHz  change,  200ns 

<10  kHz  change.  200ns 

tMI'c  change.  5  msuorst  cats 

>10kllzchangc.  Sms  worst  case 

Frequency  Selection 

Manual 

Front  Panel  Switches 

Remote 

BCD  1 . 2  -  4 . 8  ■ 

logic  V  4  4V  *  IV  logic  "0"  0V  *  ,5V  H 

frequency  Stability  Standard 
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Williams ville.  New  York  14221 


Summary 

This  paper  describes  ar>  indirect  precision 
digital  frequency  synthesizer  developed  by 
Sylvania  for  experimental  use  by  the  U.S.  Army 
Electronics  Command,  Fort  Monmouth,  New  Jersey, 
under  Contract  Ho.  DA28-043-AMC-02408(E) .  The 
synthesizer  has  a  tuning  range  of  70  to  98  MHz 
in  100  Hz  frequency  increments.  The  synthesizer 
was  designed  to  have  high  signal  purity  and 
stability,  small  size  and  low  power  consumption 
while  still  maintaining  a  large  tuning  range. 


and  fine  tuning  control  for  the  active  VCO. 

Three  thumbwheel  switches  and  a  diode  decode 
matrix  are  used  to  tune  the  major  loop  in  100 
kHz,  1  MHz  and  10  MHz  increments. 

Implementation  of  this  concept  is  presented 
with  emphasis  on  the  advantages  of  a  two  loop 
synthesizer  in  preference  to  a  single  loop  syn¬ 
thesizer  to  achieve  signal  purity,  frequency 
resolution  and  tuning  speed.  The  package  design 
is  presented  to  show  the  modular  concept  uti¬ 
lised  to  achieve  small  size  and  signal  isolation. 


Data  is  presented  which  demonstrates  that 
the  indirect  precision  digital  frequency  synthe¬ 
sizer  is  capable  of  meeting  the  spurious  signal 
level  and  tuning  time  requirements.  The  concept 
utilized  is  a  two  loop  phase-locked  system, 
where  the  output  frequency  is  obtained  from  a 
VCO  in  one  of  the  loops. 

The  two  loop  synthesizer  uses  a  narrow  band 
HF  loop  (minor  loop)  and  a  wide  band  VHF  loop 
(major  loop).  The  minor  loop  operates  over  the 
frequency  range  23.0  to  23.999  MHz  in  1  kHz 
increments.  In  the  minor  loop  an  IF  signal 
generated  from.a  single  Voltage  Controlled 
Oscillator  (VCO)  is  used  as  the  input  signal  for 
an  electronically  controlled  variable  digital 
frequency  divider.  A  1  kHz  reference  is  phase 
compered  with  the  variable  divider  output  to 
generate  a  VCO  error  correcting  signal.  The 
output  of  the  minor  loop  passes  through  a  fixed 
decade  divider  to  produce  the  band  of  frequen¬ 
cies  2.3  to  2.3999  MHz  in  100  Hz  increments. 

Three  thumbwheel  switches  control  the  tuning  of 
the  minor  loop  VCO  to  provide  the  100  Hz,  1  kHz, 
and  10  kHz  tuning  increments  of  the  synthesizer. 
The  decade  divider  output  is  translated  up  in 
frequency  by  a  signal  derived  from  the  Raster 
oscillator,  filtered  and  injected  into  the  major 
loop.  The  major  loop  operates  over  the  frequency 
range  70  to  97.9999  MHz  utilizing  two  VCO's  to 
cover  the  range.  VCO  switching,  which  is  con¬ 
trolled  by  the  10  MHz  switch,  i3  required  to 
tune  the  required  range  using  a  low  voltage 
control  signal.  An  IF  signal  generated  by  com¬ 
bining  the  VCO  and  minor  loop  signals  drives  a 
variable  digital,  frequency  divider.  The  divider 
output  is  frequency  and  phase  compared  with  a 
J)  kHz  referenced  signal  to  provide  error 
signals  which  after  filtering  provide  the  coarse 


Extensive  testing  was  performed  to  evaluate 
synthesizer  performance  and  much  of  the  resul¬ 
tant  data  is  presented  in  this  paper.  Test  re¬ 
sults  presented  in  this  report  include  spectrum 
analysis  to  determine  the  level  of  spurious 
signals,  wave  analyzer  analysis  to  determine 
signal  to  noise  ratio,  oscillographic  recordings 
to  show  the  mode  and  time  required  to  achieve 
frequency  lock. 


Design  Requirements 


The  synthesizer  provides  100  Hz  resolution 
in  the  frequency  range  of  70.0000  to  97.9999 
MHz  while  the  tuning  dial  covered  the  ran1*  of 
2.0000  to  29.9999  MHz.  Table  1  lists  briefly 
the  synthesizer  specifications.  Figure  1  shows 
the  packaging  configuration  of  the  delivered 
unit.  The  overall  dimensions  are  5  x  4.3  x  1.7 
inches. 


Design  At 


In  order  to  fully  understand  the  problems 
associated  witn  a  100  Hz  resolution  synthesizer 
utilizing  indirect  synthesis  techniques,  two 
basic  system  designs  were  studied.  The  first 
was  a  single  loop  synthesizer  having  a  100  Hz 
comparison  frequency.  A  design  typical  of  a 
single  loop  system  i3  shown  in  Figure  2.  Using 
this  design  and  the  representative  gains  as  ■t~.. 

shown,  a  loop  analysis  was  performed  and  the 
following  points  were  noted: 


1.  Loop  acquisition  time  would  exceed  the 
required  0.5  second  specification. 
Assuming  a  minimum  of  60  samples  re¬ 
quired  of  the  phase  detector  to  bring 
the  VCO  into  lock,  the  tuning  time 


-  .ii  - 


would  be  600  milliseconds. 

2.  The  loop  bandwidth  would  be  quite  low. 
This  would  be  the  resultant  effects  of 
both  providing  enough  loop  filtering  to 
attenuate  the  100  Hz  sampling  transients 
sufficiently  to  meet  the  -65  dB  spurious 
requirement  at  the  VCO  and  the  low  or>en 
loop  gain  of  the  system  due  mainly  to 
the  high  division  ratio  of  the  divide-by- 

N.  Attenuation  on  the  order  of  80  dB 
would  be  required  of  the  loop  filter  at 
100  Hz  to  maintain  a  maximum  oi~  4 
micro-volt  of  100  Hz  phase  detector 
noise  appearing  at  the  VCO  control  input. 
Also,  the  large  loop  division  ratio  re¬ 
quired  to  divide  to  100  Hz  reduces  the 
open  loop  gain  considerably.  The  resul¬ 
tant  bandwidth  would  be  on  the  order  of 

O. 1  Hz. 

3.  The  VCO  noise  specification  would  not  be 
met  since  the  loop  will  not  provide  any 
filtering  of  noise  due  to  VCO  incidental 
FM  above  a  0.1  Hz  deviation  rate.  Tests 
performed  on  a  variety  of  oscillator  de¬ 
signs  utilizing  both  bipolar  and  field 
effect  transistors  indicated  that  a  -60 
dB  noise  floor  could  not  be  achieved  by 
the  VCO  itself  even  when  frequency 
locked. 

It  thus  becomes  obvious  that  a  single  loop 
synthesizer  having  a  100  Hz  resolution  will  not 
meet  all  the  design  specifications.  The  concept 
was  thus  proved  to  be  inadequate  and  a  two  loop 
concept  established. 

The  two  loop  synthesizer  uses  (1)  an  HF 
loop  (minor  loop)  and  (2)  a  VHF  loop  (major 
loop).  A  block  diagram  of  the  synthesizer  is 
shown  in  Figure  3* 

The  minor  loop  is  completely  independent 
of  the  main  loop  and  is  slaved  to  the  master 
oscillator  through  a  fixed  25  MHz  signal  and  a 
1  kHz  reference.  As  shown  in  the  block  diagram 
of  Figure  3,  the  minor  loop  VCO  (23-24  MHz)  is 
down  converted  to  a  1-2  MHz  IF,  scaled  in  the 
divide-by-M  and  phase  compared  with  the  1  kHz 
reference.  The  phase  detector  output  is 
filtered  in  an  RC  network  to  attenuate  the 
phase  detector  sampling  noise  and  provide  a 
means  of  adjusting  the  loop  response.  The 
filtered  phase  detector  output  returns  to  the 
VCO  as  an  error  correcting  signal  with  a  control 
capability  of  100  kHz/volt. 

The  output  of  the  minor  loop  passes  through 
a  fixed  decade  divider  to  produce  a  band  of 
frequencies  2.3  to  2.3999  MHz  in  100  Hz  incre¬ 
ments.  The  minor  loop  controls  the  100  Hz, 

1  kHz  and  10  kHz  tuning  increments  of  the  syn¬ 
thesizer.  The  decade  divider  output  is  trans¬ 
lated  up  in  frequency  by  a  signal  generated  in 
the  fixed  frequency  section  and  injected  into 
the  major  loop. 


The  major  loop  uses  a  25  kHz  reference  sig¬ 
nal  to  control  the  100  kHz,  1  MHz,  and  10  MHz 
increments  of  the  synthesizer.  The  10  MHz  switch 
also  selects  one  of  two  VC0'3  having  individual 
ranges  of  70  to  78  MHz  and  78  to  98  MHz.  This 
division  of  the  tuning  range  maintains  a  maximum 
tuning  ratio  of  1.26:1,  allowing  the  VCO's  to  be 
controlled  with  a  voltage  range  of  two  to  eight 
volts.  Frequency  error  i3  measured  in  a  digital 
discriminator  which  controls  a  digital-to-analog 
converter  to  coarse  tune  the  VCO.  Phase  error 
information  is  generated  in  a  sample  and  hold 
phase  detector.  Noise  from  the  phase  detector 
is  filtered  out  by  an  RF  filter  before  the  phase 
detector  voltage  reaches  the  VCO. 

An  analysis  of  the  two  loop  synthesizer 
system  described  yielded  the  following  points: 

1.  100  Hz  resolution  could  be  achieved 
without  the  attendant  100  Hz  spurious 
signals  at  the  synthesizer  output  as 
would  be  expected  in  a  single  loop 
system.  Further,  spurious  signals 
generated  in  the  minor  loop  could  be 
allowed  to  be  higher  than  the  output 
spurious  specifications  by  the  amount 
of  fixed  division  on  the  minor  loop 
signal,  in  this  case  20  dB. 

2.  Synthesizer  lockup  time  would  be  the 
sum  of  the  lockup  times  of  the  two 
loops.  For  the  minor  loop  operating 
with  a  1  kHz  sampling  rate,  lockup 
time  could  be  expected  to  be  no  greater 
than  60  milliseconds.  The  main  loop 
could  be  expected  to  lock  in  2.4  milli¬ 
seconds  with  an  additional  0,64  milli¬ 
seconds  taken  during  frequency  search. 
Overall  lockup  time  would  always  be 
less  than  64  milliseconds. 

3.  Close-in  noise  resulting  from  VCO 
incidental  FM  can  be  greatly  attenuated 
by  increasing  the  bandwidth  of  the  main 
loop  beyond  the  lower  bound  of  the 
noise  specification,  300  Hz.  The  wide 
bandwidth  can  be  achieved  because  of 
the  high  open  loop  gains  as  noted  on 
the  block  diagram  in  Figure  3,  and  be¬ 
cause  it  is  possible  to  use  a  minimum 
of  attenuation  in  the  loop  filter  to 
maintain  a  fifteen  microvolt  maximum 
required  25  kHz  signal  on  the  control 
line  for  -65  dB  3puriou3  at  the  VCO 
output . 

Packaging 

The  package  developed  for  this  synthesizer 
divided  the  unit  into  fiuictional  circuit  groups 
and  where  possible  to  have  each  group  on  a 
separate  printed  circuit  card.  The  synthesizer 
is  comprised  of  10  plug-in  PC  cards,  two  mother¬ 
boards,  and  a  switch  assembly.  Each  card  ha3  an 
overall  dimension  of  1.5  x  3.5  inches. 


A  photograph  of  the  synthesizer  with  the 
cover  removed  and  all  component*  in  place  i* 
shown  in  Figure  4.  Figure  5  *how*  a  photograph 
of  the  component  tide  of  each  PC  card.  To  ensure 
good  signal  isolation,  each  PC  card  must  be 
completely  enclosed;  therefore,  a  shield  was 
placed  between  each  PC  card,  and  the  shields 
were  soldered  to  the  motherboard  and  the  case 
walls.  A  second  motherboard,  containing  the 
diode  matrices  for  control  of  the  variable 
dividers,  is  removable  for  troubleshooting,  if 
necessary,  and  located  below  the  six  (6)  section 
switch.  The  width  of  the  package  was  determined 
primarily  by  the  six  (6)  section  switch,  the 
height  of  each  PC  card  by  the  TCXO,  and  the 
length  was  adjusted  so  the  synthesizer  could  be 
contained  on  the  10  PC  cards.  E1C0  pin3  are 
used  for  connection  between  the  PC  card  and  the 
motherboard.  This  method  is  superior  to  using 
an  edge  connector  because  (1)  it  requires  less 
volume  and  (2)  the  signals  enter  and  leave  the 
PC  card  at  the  most  desired  location.  31gnal 
flow  is  such  that  there  are  only  two  signal 
crossovers  on  the  motherboard.  Connections  to 
the  diode  matrix  card  are  by  wire  lead.  The 
design  of  the  variablo  dividers  is  such  that 
these  control  leads  carry  only  a  dc  signal 
rather  than  RF  or  pulse  signals. 


Switching  Regulator 

Two  voltages  are  required  to  ..perate  the 
synthesizer.  These  are:  +9.5  VDC,  supplied 
from  an  external  source,  and  +4.3  VDC  generated 
from  a  pair  of  switching  regulators  operating 
from  vhe  primary  supply.  Two  regulators  are 
supplied  to  generate  separate  voltages  for 
digital  and  analog  circuitry  to  provide  a  high 
degree  of  signal  isolation  to  the  digital 
sections  of  the  synthesizer.  A  significant 
amount  of  power  saving  was  realized  by  operat¬ 
ing  much  of  the  analog  circuitry  at  +4.3  VDC 
rather  than  from  the  primary  supply.  Each 
regulator  switches  at  a  rate  of  approximately 
500  kHz.  Because  of  the  large  switching  tran¬ 
sients,  the  switching  regulators  were  designed 
using  thick  film  techniques  for  small  size  and 
were  placed  in  a  sealed  can  to  prevent  radiation 
of  the  switching  signal.  Measurement*  of  the 
synthesizer  output  indicated  that  no  switching 
transients  were  present  at  a  level  of  70  dB 
below  the  carrier.  Each  regulator  operate*  with 
an  efficiency  of  about  75/E  and  each  delivers 
about  0.5  watt  at  +4.3  VDC. 

The  selection  of  integrated  circuits  for 
the  counters  was  made  to  minimize  the  power 
consumption  where  possible,  Higher  speed, 
higher  power  integrated  circuits  were  used  only 
where  speed  was  a  factor.  Low  speed,  low  power 
decade  counters  were  assembled  using  dual  flip- 
flops  having  three  milliwatt  dissipation  per 
binary  division. 


Test  Ret>.\lt* 

The  perfo.'mance  tests  most  indicative  of 
the  capabilities  of  the  two  loop  synthesizer 
were  found  to  be:  (1)  Observation  of  acquisi¬ 
tion  time  for  both  the  main  and  minor  loops  as 
well  as  simultaneous  switching  of  both  loops; 

(2)  Close-in  spurious,  particularly  in  the  band 
100  Hz  to  25  kHz  from  the  carrier;  (3)  Far  out 
spurious  or  nonharmonic  signals  greater  than 
25  kHz  from  the  carrier;  (4)  Synthesizer  output 
noise  300  Hz  to  3  kHz  from  the  carrier;  (5)  Loop 
stability  under  conditions  of  worst  case  loop 
gains. 

The  photographs  of  Figure  6  show  the  tran¬ 
sient  VCO  control  voltage  for  both  loops  indi¬ 
vidually  under  conditions  of  maximum  frequency 
change.  Minor  loop  acquisition  is  seen  to  occur 
in  16  milliseconds  while  the  main  loop  acquires 
in  about  one  millisecond.  Both  loops  acquire  in 
17  milliseconds.  This  dasonstrates  that  the 
loop  acquisition  time  is  governed  primarily’  by 
the  minor  loop. 

Figure  7  shows  a  spectrum  analyzer  display 
of  signal  content  up  to  50  kHz  from  the  carrier. 
No  25  kHz  spurious  signals  are  noted.  However, 
as  shown,  in  Figure  3,  close-in  spurious  signals 
at  one  and  two  kilohertz  were  found.  Comparing 
the  amplitude  of  these  spurs  with  those  gener¬ 
ated  in  the  minor  loop  (Figure  9),  the  assump¬ 
tion  that  spurious  signals  generated  in  the 
minor  loop  are  attenuated  by  the  fixed  division 
and  main  loop  filtering  are  confirmed.  An  in¬ 
vestigation  into  the  cause  of  the  one  and  two 
kHz  spurs  at  the  main  output  disclosed  a  defi¬ 
ciency  in  the  isolation  between  the  1  kHz 
signal  in  the  divide-by-M  and  the  25  kHz  refer¬ 
ence  signal.  These  two  signals  are  near  each 
other  on  the  same  card  and  consequently  cross¬ 
couple. 

Far  out  spurious  are  displayed  in  Firure 
10.  All  nonharmonic  signals  are  seen  to  be 
greater  than  40  dB  below  the  carrier.  The  high 
degree  of  unwanted  signal  attenuation  is  indica¬ 
tive  of  the  adequacy  of  the  packaging  concept  in 
the  analog  portion  of  the  synthesizer. 

Figure  11  shows  a  chart  recording  of  the 
close-in  noise  content  of  the -synthesizer  output 
signal.  Noise  has  been  plotted  in  a  bandwidth 
of  10  Hz  and  100  Hz  per  division.  The  noise 
pedestal  up  to  the  carrier  exhibits  the  effects 
of  a  high  bandwidth  loop  wherein  the  lower 
frequency  incidental  FM  of  the  loop  has  been 
attenuated  by  the  action  of  the  loop.  Noise 
beyond  the  pedestal  falls  off  at  a  l/f  rate, 
typical  of  the  VCO  noise  characteristic.  At 
1  kHz  from  the  carrier,  the  noise  is  well  below 
the  required  -65  dB  level. 

Loop  stability  has  been  verified  in  two 
ways.  First,  a  step  was  inserted  on  the  VC,' 
control  voltage  and  the  transient  response 
observed.  The  damping  factor  was  determined  to 


be  approximately  0.5  under  worst  ease  condi-' 
tions,  indicative  of  adequate  open  loop  gain 
and  phase  margins.  Secondly,  a  computer  analy¬ 
sis  of  the  loop  was  performed,  to  determine  the 
loop  bandwidth  as  well  a3  loop  attenuation 
capability  within  the  loop  bandwidth.  Figure  12 
shows  the  resultant  computer  plots.  The  loop 
response  is  shown  to  peak  no  more  than  2.5  dB  at 
the  loop  resonance.  Also  obtained  from  the 
computer  analysis  is  the  gain  and  phase  margins 
for  incremental  steps  of  N.  The  margins  are 
tabulated  in  the  table  of  Figure  12.  Worst  case 
gain  and  phase  margins  are  noted  to  be  -22.24  dB 
and  45.60  degrees  respectively. 


Conclusions 


The  results  of  the  performance  tests  on  the 
exploratory  development  model  proved  that  a  two 
loop  synthesizer  having  a  high  degree  of  resolu¬ 
tion  will  be  far  superior  to  a  single  loop 
synthesizer  in  terms  of  output  spurious, 
acquisition  time,  and  noise  due  to  incidental 
Fri .  In  addition,  two  loop  indirect  synthesis 
can  oe  used  to  generate,  signals  in  the  100  MHz 
region  with  low  power  consumption  and  size. 
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MODULE  6 
(MINOR 
LOOP) 


MODULE  5 
(  H-  M) 


MODULE  7 
(INTERFACE 
CIRCUITS) 


MODULE  8 
(  -*-N) 


MODULE  9 
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DETECTOR) 


MODULE  10 
(VCO) 


MODULE  4 
FF  DIVIDER 
(250,  25  &  1 
kHz) 

MODULE  3 
FF  GENERATOR 
15,  25  &  60 
(MHz) 

MODULE  2 
2nd  &  3rd  LO 
(66. 25  & 

1. 75  MHz) 

MODULE  1 
(5  MHz  TCXO, 
ANALOG  & 
DIGITAL 
SWITCHING 
REGULATORS) 


PHYSICAL  CHARACTERISTICS 

LENGTH,  INCHES 

4.970 

WIDTH,  INCHES 

4,  315 

HEIGHT,  INCHES 

1.735 

VOLUME,  CUBIC  INCHES 

37.2 

WEIGHT.  OUNCES 

25. 

Figure  4  Miniature  Precision  Digital 
Frequency  Syntheiszer  (Top  Cover  Removed) 
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Figure  6a 

j  Main  Loop  Lock-up  Time 

j 

|  0. 1  Millieeconds/Division 


Figure  6b 

Minor  Loop  Lock-up  Time 


2. 0  Milliseconds  Division 


Figure  7 


Synthesizer  Output  Signal 

10  kHz/Division 
lOdb/Di  vision 


Figure  8 

Synthesizer  Output  Signal 

500  Hz/Division 
10  db/Division 


Figure  9 

Minor  Loop  Output  Signal 
500  Hz /Division 
10  db/Di vision 


Figure  1° 

(Synthesizer  Output  Signal 
Wideband 
30  MHz/Di  vision 
10  db/Division 
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GAIN  AND  PHASE  MARGIN 


GAIN 

MARGIN 


j  308.00  -22.24 

•  348.00  -23! 30 

f  388.00  -24.24 

428.00  -25^10 

i  468.00  -25.87 

508.00  -26.58 

548.00  -27.24 

588.00  -27.*85 

l  628.00  -28,43 

668.00  -28.96 

.  708.00  -29.47 

•  748.00  -29.94 

,  788.00  -30.40 

828.00  -30.83 

:  868.00  -31.24 

908.00  -31.63 

\  948.00  -32.00 

988.00  -32.36 

[  1028.00  -32.71 

;  1068.00  -33,04 

!■  1108.00  -33.36 

1148.00  -33.67 

1188.00  -33.96 

t:  1228.00  -34.25 

>  1268.00  -34.53 

!•  1308.00  -34.80 

5  1348.00  -35.06 

;  1388.00  -35.31 
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PHASE 

MARGIN 

(DEG) 

45.60 

46.19 

46.77 

47.35 

47.93 

48.52 

49.10 
49.68 
50.27 
50.85 
51.40 

51.93 
52.46 
52.99 

53.52 
54.05 
54.58 

55.11 
55.64 
56.10 
56.57 
56.91 
57.32 
57,72 
58.13 

58.53 
58.94 
59.34 


FREQUENCY 

(RAD/SEC) 

1396.65 

1308.02 

1219.39 

1130.76 

1042.13 

978.80 

938.40 
897.99 
857.58 
817.18 
787.26 
765.09 
742.92 

720.75 
698.57 

676.40 

654.23 
632.06 
609.89 
594.20 
583.72 

573.24 

562.76 
552.28 
541.81 
531.33 
520.85 
510.37 


FIGURE  12 
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A  CARRIER  SUPPRESSION  TECHNIQUE  FOR  MEASURING  S/N  AND 
CARRIER/SIDEBAND  RATIOS  GREATER  THAN  120  DB 


Charles  H.  Horn 
Collins  Radio  Company 
Cedar  Rapids,  Iowa 


Summary 


Input  signal  level:  0. 1  to  3. 0  V,  50  ohms 


Requirements  for  oscillators,  synthesizers,  and 
other  frequency  sources  with  signal/noise  and  carrier/ 
sideband  ratios  in  excess  of  100  dB  have  created  a  need 
for  a  method  of  extending  the  dynamic  range  of  existing 
instrumentation.  With  these  problems  at  hand,  a 
method  has  been  developed  for  extending  the  dynamic 
range  of  spectrum  analyzers,  voltmeters,  etc. ,  60  to 
70  dB  through  use  of  a  carrier  suppression  and  ream- 
pliflcation  technique.  This  paper  develops  the  tech¬ 
nique  in  detail,  describes  a  piece  of  equipment  built 
around  this  technique,  and  presents  data  obtained  on 
various  frequency  sources  using  the  equipment. 

The  carrier  of  the  signal  to  be  examined  is  sup¬ 
pressed  by  summing  it  with  a  generated  reference  sig¬ 
nal  equal  in  amplitude,  but  opposite  in  phase.  Phase 
balance  and  amplitude  balance  adjustments  are  pro¬ 
vided  by  manual  controls,  with  the  proper  phase  rela¬ 
tionship  being  maintained  by  phase  locking  the  refer¬ 
ence  signal  to  the  incoming  carrier.  In  effect,  this 
system  creates  a  very  narrow  band  rejection  filter, 
with  the  filter  bandwidth  being  determined  by  the 
phase-locked  loop  characteristic.  An  Interesting  inno¬ 
vation  to  normal  phase  locking  is  that  the  reference 
signal  is  locked  to  the  suppressed  carrier  at  the  output 
of  the  summing  point,  and  not  to  the  incoming  signal 
directly,  making  the  phase  balance  self-adjusting  once 
a  gross  phase  balance  has  been  achieved  with  the 
manual  control.  Hold  range  of  the  reference  oscilla¬ 
tor  is  maintained  by  adjusting  its  voltage-variable 
capacitor  operating  point  as  the  carrier  is  nulled. 
Carrier  and  reference  signal  summing  is  done  in  a 
hybrid  transformer,  and  the  remaining  signal  then 
passes  through  a  bandpass  filter  to  an  amplification 
stage.  The  bandpass  filter  attenuates  any  high  level, 
low  frequency,  or  harmonic  components  which  would 
saturate  the  reamplification  stage  or  input  stages  of 
the  measuring  instrument.  Other  refinements,  added 
to  the  basic  technique  for  operational  ease,  are  also 
described. 

Pertinent  operational  characteristics  for  the 
instrument  arc  described  as  follows: 

Carrier  frequency 
range: 

Carrier  suppression 
range: 

Suppression  bandwidth 
(loop  bandwidth): 


System  bandwidth 
(B/P  filter  bandwidth): 


100  kHz  to  -10  MHz 


dB 


Approximately  ±50  Hz 
(changeable) 

>±35  percent  of  carrier 
frequency 


System  signal/noise 

ratio:  ^140  dB,  (100  Hz  band¬ 

width,  100  kHz  from  the 
carrier,  0.25  V  input) 

Data  obtained  using  this  instrument  is  presented, 
including  the  following: 

1.  HP-5100B  synthesizer  noise  and  spurious 
levels. 

2.  HP-60GA  signal  generator  noise  level. 

3.  Crystal  oscillator  noise  levels  with  varied 
drive  levels. 

4.  IIP-5061A  cesium  beam  frequency  standard 
5  MHz  output  noise  level. 

These  results  are  of  interest  in  themselves;  but  more¬ 
over,  they  will  demonstrate  a  measurement  capability 
not  otherwise  readily  obtainable. 

introduction 


This  paper  will  develop  the  carrier  suppression 
and  reamplification  technique  as  follows:  first,  the 
basic  carrier  cancellation  technique  will  be  discussed; 
second,  a  phase-locked  oscillator  will  be  added  as  a 
cancellation  signal  source;  and  third,  the  fully  devel¬ 
oped  system  as  is  currently  being  used  will  be  des¬ 
cribed  and  an  Instrument  using  this  fully  developed 
system  will  be  shown.  Data  obtained  with  this  instru¬ 
ment,  in  conjunction  with  a  spectrum  analyzer,  will 
also  be  presented. 

Basic  Carrier  Suppression  Technique 

The  basic  theory  of  the  carrier  suppression  tech¬ 
nique  is,  that  if  a  signal  with  noise  and  sideband  com¬ 
ponents  is  properly  summed  in  a  linear  summing 
device  with  a  relatively  noiseless  signal  of  the  same 
frequency  and  amplitude,  but  opposite  phase,  the  out¬ 
put  of  the  summing  point  will  have  a  substantially 
reduced  carrier  component  with  noise  and  sidebands 
relatively  unaffected.  These  signals  can  be  repre¬ 
sented  by  ej,  03,  and  03  respectively  as  shown  in 
figure  1.  After  carrier  suppression  the  summing  point 
output,  03,  is  amplified,  effectively  Increasing  the 
noise  and  sidebands  with  respect  to  the  carrier 
amplitude. 

A  bandpass  filter  following  the  summing  point  out¬ 
put  is. required  to  remove  both  large  low-frequency 
components,  such  as  those  which  might  exist  in  a  mixer 
output,  and  those  resulting  from  the  harmonic  content 
of  the  carrier  waveform.  If  these  are  allowed  to 
remain,  they  would  saturate  the  output  amplifier  or  any 
following  instrumentation  when  the  signal  is  reampll- 
fied.  In  some  applications,  this  filter  could  be  com- 
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Figure  1.  Basic  Carrier  Suppression  Technique. 


bined  with  the  output  amplifier  as  a  tuned  amplifier. 

Contrary  to  the  above,  there  might  be  instances  when 
one  would  wish  to  look  at  the  low  frequency  or  harmonic 
content;  In  which  case,  the  filtering  would  be 
undesirable. 

Summing  Point  Analysis 

An  analysis  of  the  summing  point  can  best  be  per¬ 
formed  by  differentiating  between  two  conditions  which 
can  exist;  1 ,  when  phase  deviations  are  present  on  the 
carrier  to  be  suppressed  and  2,  when  amplitude  varia¬ 
tions  are  present  on  the  carrier.  Without  a  doubt, 
these  two  situations  could  appear  simultaneously,  and 
will:  but,  to  simplify  the  analysis,  they  will  be  treated 
separately  as  follows: 

Carrier  Phase  Deviations 

A  summing  point  with  assigned  connections  and 
signals  as  shown  in  figure  2  is  assumed. 


ei  =  Ei  sin(ejt+0) 


o2  "  Eo  sin(«ut) 


cases,  it  can  be  assumed  small  because  only  low  level 
sidebands  need  be  examined  using  this  technique  and 
adequate  carrier  suppression  requires  that  any  static 
phase  error  be  made  small. 

The  reference  signal,  e2,  for  balancing  out  the 
carrier  component  of  ej ,  is  assumed  to  have  substan¬ 
tially  less  noise  and  spurious  content  than  ej  and  is  the 
reference  from  which  9  is  compared.  Also,  nearly 
exact  amplitude  balance  between  ei  and  co  is  assumed 
established. 


A  vector  diagram  of  the  signal  summation  is  as 
shown  in  figure  3. 


e«  l  RADIAN 
Eg  ^  0E! 

Figure  3.  Vector  Diagram,  Phase  Variations. 

From  the  vectors,  E3  is  the  output  signal  at  an 
angle  of  <p.  The  output  expression  for  e3  can  be 
written  as  follows  (see  appendix  A): 

c3  =  Ei  (02  +  R2)1^  sin  (cut  +  0)  (1) 
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Figure  2.  Summing  Point  Analysis,  Phase  Variations. 


where 


suppressed  carrier  component 
original  carrier  component 


The  signal,  oj,  is  the  test  signal  to  be  examined 
and  contains  incremental  phase  disturbances,  0  , 

( 0  <<  i  rad).  In  this  analysis,  9  can  be  either  a 
recurring  function  of  time,  a  random  occurrence,  a 
fixed  angle  or  a  combination  of  all  of  these.  In  all 


i>-  Tan”1  9/ R  (2) 

As  will  bo  discussed  later,  a  most  significant  feature 
of  this  analysis  is  that  the  angle  9  is  multiplied  by  the 
amount  of  carrier  suppression,  as  shown  in  equation  (3). 


t  «. 


The  fact  that  this  occurs  does  not  mean  that  the  phase 
sideband  components  have  been  altered  or  any  new  ones 
created  because  only  the  carrier  component  has  been 
suppressed. 

Carrier  Amplitude  Deviations 


The  same  summing  point  as  used  for  analyzing  the 
phase  deviation  case  will  be  assumed  as  shown  in 
figure  4. 


ei  =  Ei  sin(mt  +6) 


Et  =  Et  f(t) 


■e;l 


e2  =  Eg  sin  ait 


Figure  4.  Summing  Point  Analysis, 

Amplitude  Variations. 

In  this  case,  the  peak  value,  of  the  input  expression, 
El',  varies  as  some  function  of  time.  The  reference 
input,  C2,  is  assumed  constant  and  is  the  plane  of 
reference  for  0  .  Variations  of  K x'  are  assumed  very 
small  (  £  -40  dB).  Conditions  of  approximately  GO  dB 
of  carrier  suppression  arc  also  assumed  established. 
This  summing  situation  can  be  dopicted  'cctorially  as 
in  figure  5. 

The  vector,  Em,  is  the  amplitude  variance  por¬ 
tion  of  Ei'-  and  E$  and  is  the  phase  component  of  E|' 
resulting  from  the  phase  difference  between  Ej  and  Kg. 

As  can  be  seen  from  figure  5,  the  phase  of  output 
vector  E3  will  vary  from  4>'  to  <f>"  as  the  amplitude 
and  phase  components  vary.  This  means  that  6  is  a 
function  of  Em  and  the  angle  6 ,  as  expressed  as 
follows  (sec  appendix  D): 

J±  -6 

3Ej  ,=  E1'(R2+  $-)  (4* 


_  n 

de  (r2  +  e2) 


Even  though  the  summing  point  output,  E3,  is  a 
function  of  6  ,  Ei'  and  R,  there  are  no  alternations  in 
the  original  modulation  components  nor'are  there  any 
new  ones  created.  This  is  because,  as  stated  in  the 
phase  deviation  case,  only  the  carrier  component  is 
suppressed. 

Characteristics  of  the  Summing  Point  Output 


From  the  analysis  of  the  phase  deviation  case  and 
the  amplitude  deviation  case,  the  summing  point  output 
components  are  as  follows: 

1 .  The  original  phase  components  of  the  input 
signals. 

2.  The  original  amplitude  components  of  the  input 
signals. 

3.  The  remainder  of  tho  suppressed  carrier. 

Also,  two  effects  of  interest  wtire  found  to  have 
happened  in  the  carrier  suppression  process: 

1.  Input  signal  phase  variance  is  multiplied  by 
the  carrier  suppression  ratio, 

2.  Phase  of  the  output,  03,  is  varied  by  amplitude 
variations  of  the  input  signals  at  the  amplitude 
variation  rate. 

Those  two  effects  are  of  significance  in  the  phase- 
locked  reference  system  described  in  the  next  section. 

Phase-  hocked  Reference  Source 


As  shown  in  figure  G,  a  voltage  controlled  oscilla¬ 
tor,  with  a  phase  detector  and  loop  filter,  has  been 
added  to  generate  thcncccssary  reference  signal. 

Also,  an  isolation  amplifier  has  been  added  to  block 
signals  from  going  through  the  phase  detector  into  the 
summation  point  output.  These  additions  add  to  the 
complexity  of  the  system  in  that  now  the  characteris¬ 
tics  of  a  locked  loop  must  also  be  considered.  Note 
that  the  loop  is  locked  through  the  summing  point  and 
not  prior  to  it,  as  might  be  expected.  This  configura¬ 
tion  allows  the  locked  loop  to  maintain  proper  phase 
balance.  With  the  signal  input  to  the  phase  detector 
being  the  summing  point  output,  03,  the  characteristics 
of  this  signal  must  be  considered  in  a  loop  analysis. 
This  is  done  in  the  following  paragraph. 


Figure  3.  Vector  Diagram,  Amplitude  Variations. 
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Figure  6.  Carrier  Suppression  System 

With  Locked  Reference  Source. 


Locked  Reference  Signal  Analysis 

From  the  previous  section  on  summing  point  analy¬ 
sis,  it  was  shown  that  the  summing  point  output,  eg, 
has  the  following  characteristics: 

1.  All  original  input  signal  phase  and  amplitude 
components  are  present. 

2.  The  remainder  of  the  carrier  component  is 
present. 

3.  The  phase  of  the  output  is  effected  by  the 
carrier  suppression  ratio  times  the  input  signal 
phase  variations. 

■I.  The  phase  of  tho  output  is  also  a  function  of 
the  amplitude  variations  of  the  input  signals. 

With  eg  being  the  signal  input  to  the  phase  detector, 
the  characteristics  as  listed  will  have  effects  on  Its 
output.  These  are  discussed  in  the  following  para¬ 
graph. 

Phase  Detector  Analysis 


- M - * - > 

Figure  7.  Basie  Phase  Detector. 


The  output  can  be  shown  to  be  as  follows  (see  appendix 
B): 


Eo  =  -2  (Ej  Cos  6  -E2)2  +  (Ej  sin  0  )~  1/2 


L  “ 

sin  (<t>  -  a  -  90°) 

J 

<«) 

i,  the  following  can  be  shown: 

*Eo  * 

-  2Ej  sin  a 

(7) 

aEo 

■jgT  =  2  cos  (2 <p  -  a) 

(8) 

Since  the  phase  shifter  is  initially  adjusted  for  approxi¬ 
mately  90  degrees  (a  ),  and  the  locked-loop  holds  this 
condition,  the  phase  sensitivity  and  amplitude  sensitivity 
can  be  rewritten  as  follows: 


*E0 

l9^El 

<») 

dF.0  "  sln  ~<f> 

(10) 

Therefore,  the  phase  detector  sensitivity  to  phase 
variations  is  2E|  volts/rad  and  is  not  a  function  of  the 
carrier  suppression  ratio.  Defining  a  phase  component 
to  carrier  component  ratio  N,  the  peak, phase  detector 
output  is  •IEjN. 

The  amplitude  sensitivity  of  the  phase  detector 
varies  from  -2  to  +2  volts/volt  with  the  peak  output 
varying  from  0  to  IEjN  (N  being  the  ratio  of  tiie  ampli¬ 
tude  component  to  carrier  component). 


Depicting  the  basic  phase  detector  as  shown  in 
figure  7: 

e;i  <  <  e4 

e,(  ;  E.j  sin  (cut  +  a  )  -  reference  input  from  the 
phase  shifter 

where 

a  phase  shift  contributed  by  the  phase  shifter 


Therefore,  for  locked-loop  considerations,  the 
phase  detector  sensitivity  can  be  assumed  as  2E,  volts/ 
radian,  disregarding  the  carrier  suppression  and  phase 
variations  of  the  summing  point  output  caused  by  the 
amplitude  sidebands.  This  is  valid  because  the  phase 
detector  output  is  not  a  function  of  the  suppression 
ratio  and  the  effect  of  the  amplitude  variations  can  be 
treated  using  the  same  sensitivity,  2Ej  volts/radian. 

This  means  that  the  loop  can  be  analyzed  in  a  con¬ 
ventional  manner  as  described  in  the  following 
paragraph. 


Loop  Analysis 


Fully  Developed  Carrier  Suppression  System 


Figure  8  Illustrates  a  loop  analysis  block  diagram. 


Figure  8.  Loop  Response,  Block  Diagram. 


As  shown  in  appendix  C,  the  ratio  of  \Q  9  to A0  , 
is  as  follows: 


\e2  Kj  K2  F(s) 

=  S  +  Kj  K2  F(s)  <closcd  l0°P  8ain) 


^2  * (s) 
=  - 


(open  loop  gain) 


(12) 


bOo/M  i  must  be  made  small  enough  so  that  compo¬ 
nents  generated  by  the  loop  modulation  of  the  VCXO 
do  not  effect  those  of  interest  on  ej  in  the  summing 
point,  (  Mo/  M\<  -20  dB). 


Rcsume'of  lacked  Reference  Source  System 
Characterist'rs 


The  locked  reference  source  system  characteris¬ 
tics  are  such  that  outside  of  the  loop  bandwidth,  the 
noise  and  spurious  components  will  be  unaffected. 

Inside  the  loop  bandwidth  a  variety  of  things  can  happen; 
sideband  components  can  be  suppressed,  reinforced, 
or  unsymmctrlcally  effected  around  the  carrier.  The 
effects  In  this  area  are  interesting,  but  of  no  conse¬ 
quence  in  this  application. 

A  disadvantage  which  does  occur  with  this  configu¬ 
ration  is  that  the  phase  detector  output  range  Is  also 
reduced  with  the  reduction  in  signal  as  the  carrier  is 
suppressed.  This  can  bo  compensated  for  by  moving 
the  reference  oscillator’s  voltage-variable  capacitors 
operating  point  with  another  slow  response  loop  which 
senses  the  phase  detector’s  average  output. 


The  block  diagram  of  figure  9  shows  the  carrier 
suppression  system  as  it  is  currently  being  used. 

Two  circuits  have  been  left  off  this  diagram 
because  of  added  pictorial  confusion.  They  are,  a  lock 
indicator/frequency  discriminator  circuit  which  aids  in 
tuning  the  reference  source;  and,  circuits  for  indicating 
when  the  inputs  to  either  of  the  two  age  amplifiers  are 
too  low  in  amplitude  for  proper  age  action.  Also, 
several  of  the  blocks  in  this  system  are  band  switched 
together.  Again,  this  was  not  shown  because  of  added 
confusion. 

Broadband  age  amplifiers  have  been  added  for  con¬ 
venience  in  gross  amplitude  adjustment,  with  the  refer¬ 
ence  amplifier  having  a  manual  gain  control  for  critical 
amplitude  balancing.  These  amplifiers  have  been 
designed-to  accept  0. 1  to  3.0  Vrms  ancihold  a  constant 
output  into. 50  ohms  throughout  the  frequency  range  of 
the  instrument. 

A  hybrid  transformer  is  used  as  the  summing 
device.  It  both  isolates  the  two  age  amplifiers  iron; 
each  other  and  exhibits  a  constant  impedance  to  them 
during  carrier  suppression. 

The  hybrid  transformer  must  be  terminated  by  a 
proper  impedance,  which  is  exhibited  by  the  bandpass 
filters,  having  been  designed  to  exhibit  a  nominal  50 
ohms  throughout  their  passbands.  Twenty-one  filters 
comprise  a  complete  set  which  covers  the  frequency 
range  of  the  instrument  in  overlapping  bands.  The 
center  frequency  of  each  filter  being  35  percent  higher 
than  the  previous  center  frequency ,  and  the  bandpass 
being  plus  and  minus  35  percent.  This  creates  a 
series  of  filters  which  overlap  50  percent,  allowing 
complete  carrier  frequency  coverage  through  the 
Instrument's  frequency  range  of  100  kHz.  to  -10  MHz. 

As  will  be  noted,  the  phase  shifter  has  been  moved 
out  of  the  reference  signal  path  and  is  driving  the  phase 
detector  directly.  This  permits  proper  phase  shifting 
without  introducing  noise  on  the  reference  signal.  The 
phase  cV.fter  is  of  the  transistor  amplifier  RC  type 
where  the  R  and  C  are  connected  in  scries  from  the 
collector  to  emitter,  the  C  being  band-switched  and 
the  H  being  adjustable  for  the  phase  shifting. 

The  variable  gain  output  amplifier  is  now  a  fixed 
•10  dB  broadband  amplifier,  with  a  10-dB/stcp  attenua¬ 
tor  preceding  it.  This  allows  reamplification  of  the 
suppressed  signal  in  a  discrete  10-dU  incremental 
manner.  The  input  impedance  to  the  amplifier  is  50 
ohms  to  match  the  attenuator,  and  the  output  is  50 
ohms  to  drive  the  attached  instrumentation. 

The  phase  detector  is  a  simple  balanced  type,  as 
was  previously  analyzed,  using  two  untuned  wideband 
transformers  for  the  two  input  signals.  A  long-time 
constant  operational  amplifier  integrator  has  been 
added  ncr.oss  its  output  to  move  the  operating  point  of 
the  voltage  variable  capacitors  in  the  reference  oscil¬ 
lator  (see  figure  10).  This  is  necessary  because  of 
the  previously  mentioned  loss  in  phase  detector  output 
range  with  decreasing  input  signal.  Manual  offset  on 
one  of  the  operational  amplifier  inputs  is  included, 
which  is  used  as  a  fine-balance  adjustment  In  the  car¬ 
rier  balancing  procedure. 


INPUT 

SIGNAL 


Figure  9.  Fully  Developed  Carrier  Suppression  System. 


The  reference  oscillator  is  a  voltage-controlled, 
seven-band,  crystal  oscillator  which  is  manually  tuned 
with  variable  inductors  for  pulling  the  crystal  into  the 
lock  range.  Different  oscillator  circuits  are  employed 
on  the  various  bands  for  operation  over  the  required 
frequency  range  of  the  instrument.  A  crystal  oscilla¬ 
tor  was  used  because  of  its  lower  noise  characteristics 

System  Noise  Measurements 

Needless  to  say,  careful  design  was  required  to 
keep  the  noise  level  low  throughout  the  system.  Low 
noise  devices  were  used  extensively  as  well  as  local 
feedback  wherever  possible.  Figure  11  shows  the 


signal/noise  as  it  was  measured  in  an  instrument  built 
using  the  system  just  discussed.  The  measurement 
method  used  was  the  one  involving  a  sensitive  com¬ 
munications  receiver  with  a  crystal  filter  keeping  the 
carrier  from  blocking  the  receiver. 


Suppressed  Carrier  Analyzer 

Figure  12  is  a  picture  of  the  instrument  which  was 
built  utilizing  the  fully  developed  carrier  suppression 
scheme.  (The  name  "Suppressed  Carrier  Analyzer"  is 
somewhat  of  a  misnomer,  but  it  persists.  A  more  fit¬ 
ting  name  might  be  "Carrier  Suppressor. ") 

Description 

The  connections  and  controls  are  self-explanatory: 
50-ohm  INPUT/OUTPUT  connections;  FUNCTION 
SWITCH  for  selecting  the  operational  mode;  FILTER 
SELECTOR  for  choosing  the  proper  bandpass  filter; 
OUTPUT  ATTENUATOR  for  adjusting  the  amount  of 
reamplification;  PHASE  BALANCE  for  initial  phase 
adjustments;  FINE  BALANCE,  which  actually  effects 
the  veo  operating  point;  and  the  AMPLITUDE  BAL¬ 
ANCE  control,  a  concentric  control  for  a  finer  degree 
of  adjustment. 

The  area  on  the  right  of  the  panel  contains  the 
IX) CK  INDICATOR/FREQUENCY  discriminator  meter, 
and  FAULT  LIGHTS  for  indicating  when  cither  of  the 
input  amplitudes  to  the  two  summing  point  input  age 
amplifiers  are  too  low. 

Directly  below  the  meter  and  lamps  are  the  BAND 
SWITCH  and  TUNING  for  the  reference  oscillator. 
Below  these  knobs  is  the  CRYSTAL  SOCKET.  And  at 
the  bottom  of  the  panel  is  a  drawer  for  crystal  storage. 


Figure  11.  System  Signal/Noisc  Measurements. 


Figure  12.  Suppressed  Carrier  Analyzer,  Front  View. 


On  the  rear  panel,  as  shown  in  figure  13,  are  con¬ 
nections  for  using  external  loop  filters  of  the  operator's 
choice.  Also,  there  are  proper  connections  for  using 
lockable  frequency  sources  other  than  the  internal 
crystal  reference  oscillator. 


Test  Data 

To  demonstrate  the  capabilities  of  the  carrier  sup¬ 
pression  technique,  a  test  signal  from  a  nondescript 
crystal  oscillator  was  modulated  with  a  linearly-mixed 
sum  of  1  kHz  and  2.5  kHz  at  levels  of  approximately 
-60  dB  and  -100  dB,  respectively.  This  signal  was 
connected  to  the  instrument  just  described  and  the  out¬ 
put  displayed  on  a  spectrum  analyzer  and  plotted  as 
shown  in  the  upper  portion  of  figure  14.  (Figure  14  is 
a  fabricated  composite  of  the  original  and  suppressed/ 
reamplified  test  signal.)  The -60  dB,  1  kHz  sidebands 
are  evident,  while  the  -100  dB,  2.  5  kHz  sidebands  are 
below  the  range  of  the  analyzer.  The  signal  was  then 
suppressed  and  reamplified  60  dB  and  plotted  as  shown 
in  the  lower  portion  of  figure  14.  The  1  kHz  sidebands 
are  now  major  components  of  the  data  with  the  2.  5  kHz 
sidebands  being  very  evident.  Also,  the  basic  noise 
level  of  the  source  can  be  clearly  seen  at  about  -120  dB. 


Figure  13.  Suppressed  Carrier  Analyzer,  Rear  View. 


Specifications 


Further  data  taken  on  some  familiar  frequency 
sources  follows. in  figures  15  through  18. 


The  specifications  for  this  instrument  are  as 
follows: 


Input  frequency: 

100  kHz  to  40  MHz. 

Suppression  range: 

>60  dB. 

System  bandwidth 
(Bandpass  filter 
bandwidth): 

±35  percent  of  input 
frequency. 

Suppression  bandwidth 
(Loop  bandwidth): 

±50  Hz  (can  be  changed). 

♦■Input  signal  level: 

0. 1  Vrms  to  3.0  Vrms. 

♦Input  impedance: 

50  ohms  nominal. 

Output  impedance: 

50  ohms  nominal. 

Output  level: 

0.25  V  typical  (function  of 
suppression  and  output 
amplification). 

♦System  signal/ noise 
(without  suppression 
or  reamplification): 

>140  (IB  (100  llz  bw;  ±100 
kHz  from  input.  Irequcncy; 
input  level  >  0.25  Vrms). 
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System  power: 


117  Vac,  single  phase. 


Figure  14.  Demonstration  Test  Data. 


•With  proposed  high  impedance  probe,  input  signal  level:  0.25  to  2.5  Vrms;  input  impedance:  >100  kilohms. 
svstein  signal  noise:  >130  dll  (same  requirement  as  above). 


SPECTRUM  ANALYZER  BANDWIDTH: 
300  HZ  AT  -40  DB 


FREQUENCY 

Figure  .18.  HP-606A  at  4  MHz. 


The  input  signal  e1  will  be  assumed  to  have  small 
phase  variations: 

0«1  radian 

Also,  carrier  suppression  of  >60  dB  is  assumed 
established. 

After  summation: 

e3  =  el  "  e2  =  E1  s*n  +  6 )  -  Eg  sin  <ut  (A-l) 

Using  the  following  identity: 

sin  (A  +  B)  =  sin  A  cos  B  +  cos  A  sin  B 

Then: 

(A-2) 

e3  =  Ej  sin  cu t  cos  6  +  E^  cos  cut  sin  6  -  Eg  sin  cot 

(A-3) 

=  (E^  cos  0  -  Eg)  sin  <ut  +  sin  0)  cos  6,1 
Using  the  identity: 

A  cos  x  +  B  sin  x  =  (A^  +  B  )  '  sin  (cot  +  <p) 
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Where: 

<f>  *  tan-1  A/B 
Equating: 

A  =  Ej  sin  0 
B  =  Ej  cos  0  -  Eg 
Thor.: 

e3  |?Ej  sin  Q)Z  +  (Ej  cos  6  -  Eg)2] 1/2 

sin(cot  +  ^>)  (A — 1) 


APPENDIX  A 


Summing  Point  Analysis 


When: 


<p  -  tan” 


Ej  sin# 

E7  cos0  "-  Eg 


(A-G) 


Assuming:  Small  phase  variations  on  input  signal- 
reference  signal  assumed  constant. 


0  was  assumed  to  be  very  small,  allowing  the  follow¬ 
ing  approximations: 


Defining  a  summing  point  with  +  and  -  inputs  (180 
degrees  apart)  as  shown  in  figure  A-l: 


ej  =  Et  sln(eot  +0) 


,  ♦ 

i 

1 

SUMMING 

POINT 

’  ~ 

02  =  Eo  sin  cut 


Figure  A-l.  Summing  Point. 


cos  0  =  1  sin  0  =  0 

Rewriting  equations  4  and  5  with  the  approximation: 

e3  i  j(Ej  0  )2  +  (Ej  -  Eg)2] 1/2  sin  (cut  +  <f> )  (A-G) 

Where: 

.  -1  V 

$  E  E  -  E  *  ‘ ) 

bl  fc2 


Defining  a  carrier  suppression  ratio  R: 


(A-8) 


-  23?  - 


Then: 


<p  =  tan-1  ^/R 
Substituting  in  equation  (A-6): 

T  2  2l1/2 

eg  »  Ej  I  8  +  R  sin  ( <ut  +  <f>  ) 
Drawing  e3  in  vector  representation: 


(A-9) 

(A-10) 


Also  it  can  be  seen: 


1/2 


(A-ll) 

(A-12) 


ES  B  A  PHASE  MODULATION  VECTOR  WHICH  VARIES  IN  LENGTH. 
Eg  =  6E\ 

Figure  A-2.  Vector  Diagram,  Phase  Variations. 


APPENDIX  B 


Phase  Detector  Response 

Assuming  a  basic  phase  detector  as  shown  in  figure 
B-l: 


(THIS  IS  A  SIMPLIFIED  FORM  OF  THE  PHASE 
DETECTOR  AND  DOES  NOT  INCLUDE  THE  VOLT¬ 
AGE  RATIOS  OF  THE  INPUT  TRANSFORMERS) 


Figure  13-1.  Basic  Phase  Detector. 

And  assuming  a  reference  signal  e^: 

o(l  -  E^  sin  (cut  +  a )  (B-l) 

Oj  is  the  signal  coming  from  the  phase  shifter  and  a  is 
the  phase  contributed  by  the  phase  shifter. 

Knowing  that: 

V  |v°.i|  <D-2> 


Where: 


K  =  j(E1  cos  6  -  E2)2  +  (Ej  sin  0  )2] 

And  (from  appendix  A,  equation  (A— 5)): 
-1  _ E1  sin  0 _ 


<p=  tan" 


Ej  cos  $  -  E2 


(B-10) 


The  expressions  for  phase  detector  sensitivity  to 
changes  in  Q  and  E2  can  be  written  as  follows: 


(B-ll) 


-2K  [cos  («/>-  -  2  |sin 


(B-12) 


rsr  -2K  [cos  <*-*>]  te2  - 2  [sin 


Which  when  simplified  and  rearranged  results  in  the 
following: 


3E0 

It  =  2Ei sin  ® 


3E0  , 

=  2  cos  (2<p-a  ) 


(B-14) 


Remembering  that  a  is  the  phase  contribution  by  the 
phase  shifter  and  is  adjusted  initially  to  approximately 
90  degrees  and  left  in  that  position,  equations  (B-13) 
and  (B-ll)  can  be  rewritten: 


~  =  -2  sin  2 <p 
3  2 


(B— 1 5) 

(B-16) 


Therefore,  the  sensitivity  of  the  phase  detector  to 
phase  variations  of  the  input  signal  is  a  constant  2E. 
volts/radian.  The  sensitivity  to  amplitude  variations 
ranges  from  -2  to  +2  volts/volt. 

And,  for  a  sideband-to-earrier  ratio  Nj  the  peak  phase 
detector  output  for  phase  variations  is  4E.N  and  for 
amplitude  variations  0  to  AEiNj.  '  1  1 


APPENDIX  C 
Locked- Loop  Analysis 

Assuming  steady  state  conditions  and  arranging  the 
block  diagram  as  shown: 

The  closed  loop  response  can  bo  found  as  follows: 

6(  (Aflj-A&jlKj  (C-l) 


PHASE  DETECTOR  L/P  FILTERS 

I - - - 1  I - 1 


1 _ I 

Figure  C-l.  Basic  Locked  Loop,  Block  Diagram. 


(B-13)  Vc  =  9(  F(s)  =  F(s)  (A0j  ~&0  2> 


VcK2  K1  K2  F(s)  (A0x  -A0,> 

A02  -  g  =  g  (C-3) 

A  02  K1  K2  F(S> 

- =  -  -  -y- -  -■  ■  ■  =  closed  loop  response (C-4) 

A01  s  +  Ki  K2  F(8) 

The  open  loop  response  is  found  in  a  similar  fashion: 

0t  -A^Kj  (C-5) 

Vc=A01K1F(s)  (C-G) 

Aft  K.  K9  F(s) 

Aft>=  '  s -  (C-7) 

Aft  K  K  F(s) 

=  - - - -  -  0pcn  i00p  rCsponse  (C-8) 

Using  a  lag  network  for  the  low-pass  filter,  the 
response  becomes  the  following: 


Figure  C-2.  Lag  Network. 


1  +  T,  S 
F(s>  =  Y  +  'Tj  S  ' 


23k  . 


Where: 

H 

»-* 

li 

(Rj  +  R2)  c 

(C-10) 

ii 

R2  0 

(C-ll) 

Then: 

Aft, 

K.K2(1+T2S) 

(C-12) 

Aftj  =  S(1  +  Tj  S)  +  KxK2  (1  +  T2  S)(closed  loop> 
Also: 

Aft  K  K  (l+I.S) 

Aft^  =  (1  +  Tj  S)  S  *0pen  l00p)  <C_13) 


APPENDIX  D 


Variations  in  <f>  With  Changes  In  E1  and  ft 

Using  the  expression  for  4>  from  appendix  A  (equation 
(A— 7)): 

.  -1  V 

<}>  =  tan  -r-  (D-l) 

11 1  fc2 


Finding 


(Ex  -  E2)  ft-  E] 

(Ex  -  E2)2  +  (Ej ft  )2 


Using: 


j± 

2Ej  “  E  (52  +  ftfy 

Finding 


»  (E1  -  E2>  E1 
39  "  (Ej  -  E/  ~  (Ej  ft)! 


Again  using  R: 


R 

*0  r2  +  e2 


(I>-2) 


(D-3) 


(D-4) 


(D-5) 
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USE  OF  THE  LORAN-C  SYSTEM  FOR  TIME"  AND  FREQUENCY  DISSEMINATION 


Paul  E.  Pakos 

Lieutenant  Commander,  United  States  Coast  Guard 
U.  S.  Coast  Guard  Headquarters 
Washington,  D.  C. 


Summary 

The  Loran-C  system  is  an  excellent  medium  for 
time  and  frequency  dissemination.  If  one  is 
willing  to  accept  certain  operating  restrictions 
on  the  use  of  the  system,  sub-microsecond  timing 
accuracies  are  possible.  A  frequency  reference 
with  a  long-term  stability  equivalent  to  that 
attainable  with  a  cesium  beam  oscillator  is 
available  to  those  located  within  the  groundwave 
range  of  a  timed  Loran-C  chain.  User  costs  are 
not  excessive  and  depend  upon  the  degree  of 
accuracy  required  to  accomplish  the  intended 
task. 

Introduction 

In  the  early  years  of  this  decade,  the  timing 
potential  of  the  pulsed  low  frequency  navigation 
system  known  as  Loran-C  was  recognized.  It  was 
found  that  the  use  of  a  stable  oscillator  and  a 
relatively  minor  modification  to  the  existing 
equipment  would  allow  transmission  of  a  timing 
pulse  once  per  second  in  addition  to  the  Loran-C 
pulses  normally  transmitted.  Actual  experiments 
were  conducted  in  1961  by  the  U.  S,  Naval  Obser¬ 
vatory  and  U.  S.  Coast  Guard  utilizing  the 
Loran-C  chain  on  the  East  Coast  of  the  United 
States.  The  success  of  those  tests  and  the 
growing  requirements  for  precision  timing  have 
resulted  in  a  gradual  expansion  of  Loran-C 
timing  services,  while  the  growth  of  technology 
has  resulted  in  a  parallel  path  of  continuous 
refinement  to  the  accuracies  achievable. 

The  intent  of  this  paper  is  to  provide  a 
complete  description  of  the  Loran-C  timing 
system  and  to  provide  an  insight  into  the  sources 
of  error  which  exist  in  the  system.  Basic  instru¬ 
mentation  methods  will  be  discussed,  but  full 
details  will  be  avoided  because  others  have 
covered  that  subject  adequately.*  Likewise,  a 
thorough  description  of  Loran-C  as  a  navigational 
system  is  considered  beyond  the  scope  of  this 
paper,  except  for  those  aspects  of  the  naviga¬ 
tional  system  which  directly  affect  Loran-C 
timing. 

Methods  of  Timing  Loran-C  Chains 

The  problem  of  transmitting  time  from  an  en¬ 
tire  Loran-C  chain  reduces  to  one  of  timing  the 
master  station  only,  since  all  slave  stations  are 
synchronized  to  the  master  in  order  to  satisfy 
the  navigational  requirements  of  the  system.  The 
synchronization  status  of  slave  stations  is  moni¬ 
tored  continuously  by  external  monitor  stations 
which  are  located  in  the  prime  navigational  ser¬ 


vice  area  of  the  chain. 

The  timing  of  a  master  station  is  accomplish¬ 
ed  in  two  ways.  First,  an  additional  pulse  once 
per  second  is  transmitted,  and  second,  the 
Loran-C  navigational  transmissions  are  timed. 

The  latter  consists  of  eight  pulses  per  group 
being  transmitted  at  what  is  commonly  termed  the 
group  repetition  rate  (GRR).  The  U.  S.  Naval 
Observatory  (USNO)  has  established  as  a  datum 
the  arbitrary  fact  that  at  OOh  00M  00$  Universal 
Time  Coordinated  (UTC)  1  January  1958,  the  start 
of  the  first  pulse  of  all  Loran-C  master  groups 
was  coincident  with  the  Universal  Time  Second 
(UTS).  Thereafter,  for  each  GRR,  periodic  co¬ 
incidences  with  UTS  have  occurred  and  will  con¬ 
tinue  to  occur.  The  time  interval  between  co¬ 
incidences  depends  upon  the  GRR  and  can  vary 
from  a  minimum  coincidence  interval  of  once  each 
second  for  Loran-C  rates  SO  and  SSO  to  a  maximum 
coincidence  interval  every  16  minutes  39  seconds 
for  Loran-C  rate  SSI,  The  Naval  Observatory  com¬ 
putes  the  predicted  coincidences  with  UTS  for 
each  year  and  tabulates  them  in  a  Null  Ephemeris 
Table  for  each  Loran-C  rate.3  Using  the  datum 
established  by  USNO,  it  is  therefore  possible  to 
synchronize  any  Loran-C  chain  to  the  appropriate 
Ephemeris  Table.  The  distinct  advantage  of 
timing  the  Loran-C  groups  is  that  they  offer  a 
greatly  increased  information  rate  over  that 
available  with  the  one  pulse/second  system.  This 
will  become  clearer  when  instrumentation  methods 
are  discussed. 

The  equipment  necessary  to  accomplish  the 
timing  functions  at  a  master  station  consists 
essentially  of  one  or  more  cesium  beam  oscilla¬ 
tors,  three  Group  Repetition  Rate  generators, 
three  one  pulse/second  clocks  and  majority  logic 
circuitry  with  automatic  reset  capability.  This 
equipment  enables  the  master  station  to  remain 
synchronized  to  UTC  once  it  has  been  initially 
set. 

Slave  stations  do  not  presently  transmit  one 
pulse/second  but  their  normal  function  of  syn¬ 
chronization  with  the  master  allows  the  use  of 
the  slave  loran  groups  for  timing.  It  should  be 
noted  that  the  Ephemeris  Tables  refer  only  to 
master  coincidences  with  UTS;  the  emission  delay 
of  each  slave  with  respect  to  its  master  is  list¬ 
ed  in  Table  1. 

Mien  a  chain  is  timed,  the  Naval  Observatory 
normally  establishes  a  time  monitor  site  some¬ 
where  within  groundwave  range  of  the  master 
station.  The  type  of  equipment  located  at  the 
time  monitor  site  will  be  described  in  the  in- 


-  236  - 


strumentation  section  of  this  paper,  but  at  this 
point  it  is  sufficient  to  say  that  at  least  two 
cesium  clocks  are  present.  By  predicting  the 
propagation  time  from  the  master  station  to  the 
time  monitor,  the  monitor  is  able  to  direct  the 
positioning  of  the  master's  transmissions  until 
precise  agreement  with  the  Ephemeris  Table  is 
achieved.  Thereafter,  the  ability  of  the  time 
monitor  to  keep  the  master  on  time  depends  pri¬ 
marily  on  the  offset  of  the  monitor's  cesium 
oscillators  with  respect  to  BTC.  The  Naval 
Observatory  makes  regular  portable  clock  visits 
to  the  time  monitor,  sites  to  determine  these 
offsets.  With  this  information  and  with  daily 
message  reports  from  the  monitor  on  the  measured 
arrival  time  of  the  master's  Loran  and  one  pulse/ 
second  transmissions,  the  Observatory  determines 
where  the  transmissions  are  with  respect  to  the 
DOD  master  clock  in  Washington,  D.  C.  Special 
users  receive  daily  status  reports  from  USNO 
while  others  receive  weekly  status  reports  on 
all  the  timed  Loran-C  chains..4  An  example  of  a 
weekly  report  is  shown  in  Figure  1.  In  February, 
1969,  it  was  decided  that  the  long-term  stability 
of  the  cesium  oscillators  at  the  master  stations 
made  it  perfectly  feasible  to  hold  the  Loran-C 
transmissions  of  timed  chains  to  within  +  5 
microseconds  of  UTC,  and  this  is  presently  being 
accomplished.  The  precise  value  can  be  obtained 
by  using  the  USNO  status  reports. 

It  should  be  noted  that  USNO's  determination 
of  a  master's  time  of  transmission  witli  respect 
to  UTC  is  subject  to  a  constant  error  which  is 
caused  by,  among  other  things,  an  incorrect 
prediction  of  propagation  time  from  master  to 
time  monitor.  Such  system  errors  could  be  en¬ 
tirely  eliminated  only  by  making  measurements 
of  the  absolute  time  of  radiation  of  the  Loran 
pulses  from  the  transmitting  antenna,  a  measure¬ 
ment  which  is  complicated  by  near  field  effects. 
Such  measurements  are  planned,  but  these  system 
errors  are  probably  less  than  5  microseconds  and 
their  importance  for  most  categories  of  timing 
users  is  minimized  because  they  are  constant. 

This  aspect  of  Loran-C  timing  will  be  discussed 
further  in  the  section  on  accuracies. 

Coverage 

The  Loran-C  chains  which  are  presently  timed 
are  the  U.  S.  East  Coast,  Northwest  Pacific, 
Hawaiian,  and  Norwegian  Sea  chains.  Figure  2 
shows  the  area  in  which  a  groundwave  and  skywave 
from  at  least  one  of  the  stations  should  be 
available.  Figure  3  shows  the  groundwave  and 
skywave  coverage  areas  which  would  exist  if  all 
the  Loran-C  chains  presently  in  existence  were 
timed.  The  boundaries  of  groundwave  and  skywave 
coverage  areas  shown  are  approximate.  Exact- 
boundaries  are  a  function  of  propagation  con¬ 
ditions,  local  noise  and  interference,  and  the 
quality  of  the  receiver  employed. 

Timing  Accuracies  Available  with  Loran-C 
Oroundwaves 

It  is  important  to  approach  a  discussion  of 


accuracy  cautiously,  because  the  Loran-C  timing 
accuracy  available  is  dependent  upon  whether  one 
refers  to: 

1.  the  ability  to  synchronize  to  UTC  or  to 
another  Loran-C  user. 

2.  "real-time"  or  "after-the-fact"  time  syn¬ 
chronization. 

3.  synchronization  accuracies  available  if 
two  users  utilize: 

a.  the  same  Loran-C  station 

b.  two  stations  within  the  same  Loran-C 
Chain 

c.  one  station  from  one  chain  and  one 
from  another  chain. 

These  seem  to  represent  a  formidable  number 
of  conditions,  but  the  significance  of  some  of 
them  can'  easily  be  explained  by  a  brief  descrip¬ 
tion  of  Loran-C  as  a  precise  navigational  system. 

When  a  Loran-C  chain  is  initially  established, 
a  calibration  is  conducted  in  the  navigational 
service  area  by  monitoring  the  observed  time 
differences  in  as  many  different  surveyed  loca¬ 
tions  as  is  feasible.  These  measurements  are 
then  compared  to  predicted  time  difference  read¬ 
ings  which  were  based  upon  assumptions  of  the 
conductivities  along  the  various  propagation 
paths.  The  conductivity  assumptions  are  then 
continuously  refined  to  minimize  the  standard 
deviation  of  the  difference  between  the  ob¬ 
served  and  the  predicted  time  differences  at 
all  the  monitor  points.  Mien  this  spatial  stan¬ 
dard  deviation  is  reduced  to  0.1  microsecond  or 
less,  the  chain  is  considered  calibrated  and  the 
resultant  conductivities  are  used  for  all  ensuing 
time  difference  predictions. 

Using  tic  calibration  data,  a  time  difference 
assignment  is  made  to  a  navigational  service  area 
monitor  whose  function  thereafter  is  to  ensure 
that  slave  to  master  synchronization  is  maintain¬ 
ed  to  a  particular  tolerance,  typically  ^0.2 
microseconds.  If  this  tolerance  is  exceeded,  the 
system  is  considered  unusable  and  "blink”  (the 
periodic  blanking  of  certain  Loran  pulses)  is 
initiated.  The  probability  distribution  of  slave 
synchronization  error .about  zero  at  the  naviga¬ 
tional  monitor  is  not  a  Gaussian  distribution  be¬ 
cause  the  monitor  normally  will  issue  a  correc¬ 
tion  to  a  slave  if  a  synchronization  error  ex¬ 
ceeding  +_  0.1  microsecond  exists  for  more  than 
15  minutes,  and  will  normally  not  issue  any 
corrections  if  slave  synchronization  is  within 
+0.1  microsecond.  For  those  wishing  to  assign 
a  standard  deviation  to  slave  synchronization, 
the  standard  deviation  of  the  15-minute  averages 
over  a  month  long  period  is  appropriate,  in 
which  case  0.05  microsecond  is  a  typical  figure. 
It  is  important  that  such  a  figure  be  used 
correctly.  For  any  given  short  peiiod  of  time, 
ten  minutes  for  example,  the  slave  transmissions 
are  not  "noisy"  in  the  sense  that  an  RMS  jitter 
of  0.05  microsecond  exists:  rather,  tin  U>ran 


-  .  VT  - 


Si 

r 


equipment  at  the  transmitting  stations  is  such 
that  any  RMS  jitter  in  the  transmitted  signal  is 
perhaps  ten  nanoseconds  or  better,  when  measured 
over  an  integration  time  of  several  seconds. 

This  should  be  considered  by  users  wishing  to 
precisely  synchronize  clocks  using  a  common  slave 
station.  If  both  were  to  perform  the  synchroni¬ 
zation  during  the  same  10  minute  period,  for 
example,  the  quality  of  the  synchronization  of 
the  two  clocks  would  probably  be  equivalent  to 
that  attained  if  both  used  a  common  master  sta¬ 
tion,  which  never  receives  corrections  from  the 
navigational  monitor.  If,  on  the  other  hand, 
the  two  users  performed  their  individual  syn¬ 
chronizations  at  different  times  during  the  day. 
they  would  have  to  consider  the  0.05  microsecond 
figure  in  their  error  budget. 

It  is  appropriate  that  we  now  look  in  detail 
at  the  error  budgets  which  exist  for  certain 
categories  of  users.  To  gain  some  appreciation 
of  the  magnitude  of  the  errors  involved,  one 
sigma  error  estimates  of  the  different  error 
sources  are  assigned  as  follows: 

UTC  tolerance:  <j  t  =  2.0  usee 

System  error:  0SO  =  3.0  usee 


sources  mean  to  a  user,  first  consider  one  who 
wishes  to  synchronize  a  clock  to  UTC  with  the 
slave  of  a  Loran-C  chain.  His  RMS  error  would 
be  predicted  as  follows: 

®  =  (*%t  +  °se  +  Ope  +  Cpa  +  Css  +  Ome^*  (1) 

Using  the  previous  figures,  a  =  3.6  micro¬ 
seconds. 

Now  suppose  he  was  only  interested  in  "after- 
the-fact"  synchronization,  i.e.  the  next  day  lie 
removed  the  UTC  error  by  applying  the  correction 
which  USN0  published  in  their  status  report  for 
that  particular  chain.  Clearly, C'L  could  be 
omitted  from  the  calculation,  Further,  presume 
that  he  was  once  visited  by  a  portable  cesium 
clock  and  his  Loran-C  timing  system  was  thereby 
calibrated,  i.e.  the  system  error  was  removed, 
and  his  prediction  error  was  removed.  It  is 
quite  clear  that  he  is  now  concerned  only  with 
the  repeatability  of  the  system,  and  his  errors 
are  now  limited  to  propagation  anomalies, 
measurement  errors,  and  slave  synchronization 
errors,  if  indeed  he  is  using  a  slave  and  not 
a  master.  What  is  the  best  he  can  do  if  he 
uses  a  master,  has  been  visited  by  a  portable 
clock,  and  can  wait  a  day  for  the  answer? 


User  prediction  error: g  ^  =  0.1  usee 
Groundwave  propagation  anomaly  (over  land): 

v  =  °-2  useo 

Slave  synchronization  error:  tfsf!  =  0.05  usee 


a=  (e2  +  a-  )a 

'  pa  me'  (o) 

< i  -  0.23  microsecond 

Now  consider  someone  who  wants  to  synchronize 
with  another,  and  who  is  not  concerned  with  UTC 


User  measurement  error: 


<V  =  0.1'usec 


The  assignment  of  error  estimates  inevitably 
provokes  heated  discussions;  the  above  figures 
represent  the  Coast  Guard's  experience  with  the 
Loran-C  system.  The  UTC  tolerance  and  system 
error  iiave  been  discussed  previously  in  the 
section  on  timing  methods.  The  user  prediction 
error  assigned  reflects  the  results  of  the  chain 
calibration  methods  discussed  earlier.  Such  a 
figu'-e  is  therefore  realistic  for  those  in  the 
navigational  coverage  area  if  they  use  the  con¬ 
ductivities  which  wore  determined  by  the  calibra¬ 
tion,  It  is  not  realistic  for  a  user  in  an  un- 
cnlibratod  area,  particularly  if  lie  is  on  land. 

In  this  latter  case,  perhaps  a  more  realistic 
figure  would  be  0.4  microsecond,  because  of  the 
prediction  uncertainties  inherent  in  non  homo¬ 
geneous  propagation  paths  and  because  the  user 
may  be  experiencing  some  local  terrain  effects. 

The  figure  assigned  to  groundwave  propaga¬ 
tion  anomaly  is  based  upon  our  experience  witli 
the  one-way  path  existing  between  the  Cast  Coast 
Chain  master  station  at  Carolina  Bench,  N.  C.. 
and  the  slave  at  Dana,  Indiana.  The  anomalies 
in  the  Southeast  Asia  Chain  are  significantly 
lower,  perhaps  indicating  a  climatological 
dependence.  The  user  measurement  error  presumes 
a  high  quality  receiving  system. 

To  gain  an  appreciation  of  what  these  error 


synchronization.  Suppose  both  were  within  ground* 
wave  range  of  the  same  master  station,  had  not 
been  visited  by  a  portable  clock,  and  wanted 
"real-time"  synchronization.  The  UTC  error  and 
system  error  would  be  the  same  for  eacli  and 
would  therefore  not  affect  their  ability  to 
synchronize  to  each  other.  User  #1  would  have 
an  RMS  error  as  follows: 

°1  =  (°1  pe  +05  pa  +ci  me-*" 

(3) 

Oj  =  0.25  microsecond 

User  j,2  would  have  an  identical  error  budget, 
ami,  presuming  identical  errors,  the  resultant 
clock  synchronization  accuracy  would  be  given  by: 

2  2,' 
o=  (o,  +a,)  = 

(4) 

0  =  0.35  microsecond 

Since  the  UTC  error  docs  not  come  into  play, 
all  synchronizations  between  users  of  the  same 
chain  are  "real-time"  synchronizations.  The 
use  of  a  master  by  one  user  and  a  slave  by  the 
other  merely  introduces  the  slave  synchroniza¬ 
tion  term  in  the  error  budget  of  the  latter. 

The  use  of  a  common  slave  may  eliminate  the 
need  for  the  slave  synchronization  term  if  the 
users  accomplish  their  individual  synchroniza¬ 
tions  at  approximately  the  same  time,  as  dis¬ 
cussed  earlier.  A  real  advantage  can  si’ll  be 
gained  by  a  portable  clock  visit  to  each,  thereby 


eliminating  the  prediction  error  term  which  would 
probably  be  the  largest  factor  if  overland  pro¬ 
pagation  paths  were  involved. 

The  justific  tion  for  dropping  the  system 
error  in  these  examples  is  apparent;  it  is  a 
constant  for  any  particular  Loran-C  chain.  The 
justification  for  dropping  the  UTC  error  from 
the  error  budget  is  a  bit  more  subtle  and  goes 
back  to  the  methods  used  to  time  the  chain.  Be¬ 
cause  the  chain  frequency  has  a  typical  UTC  off¬ 
set  of  better  than  5  X  10“22  (Approximately  0.5 
us  drift  in  24  hours)  and  because  the  master 
station  has  equipment  to  keep  it  from  "jumping” 
in  time,  the  UTC  error  can  assumed  to  be  con¬ 
stant  for  any  given  day,  and  can,  therefore, 
be  treated  like  the  system  error.  This  is 
borne  out  by  Figure  J.  These  reasons  also 
provide  some  insight  into  why  net  all  Loran-C 
chains  can  be  use  for  synchronization  between 
two  users  unless  certain  operating  procedures 
are  observed.  Not  all  chains  have  the  ultra¬ 
stable  cesium  oscillators  at  present,  and  not 
a’l  master  stations  have  the  equipment  necessary 
i  return  their  transmissions  to  the  same  point 
in  time  in  the  event  failures  occur.  This 
method  of  operation  is  ac'aptable  navigationally , 
because  the  slave  stations  simply  resynchronize 
if  the  master  moves  in  time,  but  one  can  easily 
see  that  it  is  disastrous  to  those  interested  in 
precise  timing. 

Despite  the  foregoing,  if  two  users  utilized 
an  untimed  Loran-C  cliait.  in  such  a  manner  that 
they  both  synchronized  to  the  transmissions  at 
approximately  the  same  time,  flic  oscillator 
drift  would  not  cause  significant  errors  and  the 
probability  of  a  master  jump  in  the  time  inter¬ 
val  between  synchronizations  would  be  minimal. 
Thus,  in  our  parlance,  the  UTC  error  for  that 
short  interval  of  time  would  bo  a  constant,  the 
condition  necessary  to  remove  it  from  the  error 
budget.  Because  the  chain  is  untimed,  the  UTC 
error  is  also  probably  very  large  and  is  unknown; 
nevertheless,  we  have  seen  that  these  factors 
do  not  affect  synchronization  between  two  users 
of  the  same  chain.  The  methods  to  accomplish 
the  mutual  synchronization  will  be  discussed  in 
the  instrumentation  section. 

Finally,  what  about  synchronization  of 
users  located  in  different  Loran-C  chains? 

The  chains  themselves  are  not  synchronized  to 
each  other  except  through  their  individual 
relationships  to  UTC.  Hence,  synchronization 
accuracies  in  these  cases  are  identical  to 
those  which  would  be  experienced  in  synchronizing 
to  UTC,  except  that  the  resultant  synchronization 
accuracy  between  the  two  clocks  would  be  the 
root  sum  square  of  the  individual  UTC  synchro¬ 
nizations. 

Use  of  Loran-C  Skywaves 

Loran-C  skywaves  can  also  be  utilized  for 
timing.  They  offer  the  advantage  of  tremendous 
range  at  the  expense  of  degraded  prediction 
accuracies  and  degraded  stability.  Both  the 


prediction  accuracy  and  the  stability  are 
functions  of  the  range  to  the  transmitting 
station.  For  the  one-hop  case,  as  the  range 
increases,  the  prediction  accuracy  becomes  less 
dependent  on  the  estimate  of  the  effective 
height  of  the  ionosphere.  Similarly,  as  the 
range  increases,  the  effective  length  of  the 
propagation  path  becomes  less  dependent  upon 
the  fluctuations  of  the  ionospheric  height. 
Although  quantitative  data  of  the  fluctuations 
of  the  time  arrival  of  a  Loran-C  skywave  along 
a  single  path  are  not  available,  our  experience 
with  Loran-C  navigational  systems  leads  us  to 
believe  that  a  conservative  one  sigma  estimatc- 
for  the  one-hop  case  would  be  about  4  micro¬ 
seconds  when  working  beyond  1000  miles  from  a 
transmitting  site. 

The  skywave  coverage  areas  shown  in  Figure  2 
and  3  were  based  upon  approximately  a  2000  mile 
radius  from  the  transmitting  stations,  because 
at  this  range  the  peaks  of  the  skywave  are 
normally  above  the  noise  and  can  be  readily  seen 
on  an  oscilloscope.  The  user  therefore  need 
not  utilize  any  special  techniques  to  handle 
skywaves  vis-a-vis  groundwaves.  However,  a 
recent  experiment  by  the  Austron  Company  has 
shown  that  Loran-C  skywaves  can  in  fact  be 
tracked  at  distances  in  excess  of  4000  miles 
if  special  techniques  are  utilized.®  Presuming 
such  results  are  typical  of  what  can  be  achieved 
in  other  areas,  timing  from  Loran-C  skywaves 
should  be  possible  over  virtually  the  entire 
world. 

As  in  the  case  of  Loran-C  groundwaves,  the 
prediction  error  associated  with  skywaves  can 
be  removed  by  the  single  visit  of  a  portable 
clock.  Thereafter,  propagation  anomalies  be¬ 
come  the  determining  factor.  More  data  is 
needed  to  determine  the  statistics  of  single¬ 
hop  and  multi -hop  arrival  times,  but  one  way 
to  minimize  such  anomalies  would  be  to  make 
synchronization  checks  at  the  same  time  each 
day  when  propagation  conditions  are  approxi¬ 
mately  the  same. 

Instrumentation  Methods 

Shapiro*' has  gone  into  full  detail  in  the 
description  of  instrumentation  methods  and  no 
attempt  will  be  made  to  duplicate  those  efforts. 
This  section  is  intended  primarily  to  introduce 
the  instrumentation  concepts  to  the  unacquainted 
reader  and  to  show  the  basic  techniques  of  re¬ 
covering  time  and  frequency  from  the  Loran-C 
system. 

Users  of  the  Loran-C  system  for  time 
synchronization  can  be  put  into  one  of  two 
categories:  those  who  utilize  the  one  pulse/ 
second  transmission  from  master  stations,  mid 
those  who  utilize  the  Loran-C  pulse  groups  them¬ 
selves  from  cither  slave  or  master  stations. 

Figure  4  shows  a  typical  instrumentation 
scheme  lor  time  synchronization  with  the  trans¬ 
mitted  one  pulso/second.  This  is  not  the  only 


way  to  extract  the  available  information,  but 
most  practical  methods  would  employ  some  varia¬ 
tion  of  this  basic  scheme. 

The  Loran  signals  are  received  through  the 
bandpass  filter  and  displayed  on  the  oscillo¬ 
scope  which  is  being  triggered  by  the  local 
clock.  Due  to  the  triggering  rate  of  1  pulse/ 
second,  the  Loran-C  pulse  group  will  appear  to 
drift  across  the  scope,  while  the  received  1 
pulse/secon<r will  appear  stationary.  Using  a 
calibrated  time  base,  the  time  interval  from 
the  start  of  the  sweep  to  the  start  of  the  re¬ 
ceived  1  pps  Loran  pulse  can  be  measured  and 
will  equal  propagation  time  plus  receiving 
system  delay  plus  local  clock  error,  assuming 
the  Loran-C  chain  is  precisely  on  time. 

The  accuracy  to  which  this  measurement  can 
be  made  is  primarily  dependent  upon  the  received 
signal  to  noise  ratio.  The  low  information 
rate  of  one  pulse/second  and  the  inherent  limita¬ 
tions  of  visual  integration  will  normally  pre¬ 
clude  accuracies  better  than  20  microseconds. 
The  use  of  a  storage  oscilloscope  could  be  ex¬ 
pected  to  improve  upon  this,  but  the  basic  pro¬ 
blem  in  visual  identification  of  the  start  of 
the  received  pulse  is  caused  by  the  low  signal 
power  in  the  first  few  r-f  cycles.  -The  Loran-C 
pulse  shape  approximates  the  :f orm  rc  ~  ct  where 
V  is  chosen  to  make  the  pulse  peak  at  approxi¬ 
mately  70  microseconds  from  the  start.  Note, 
however,  that  it  would  be  incorrect  to  presume 
that  the  received  peak  of  the  pulse  is  70 
microseconds  from  the  start,  because  of  the 
probable  presence  of  skywaves.  The  time  of 
arrival  of  a  skywavo  with  respect  to  the  ground- 
wave  depends  upon,  among  other  things,  range 
from  the  transmitting  station.  However,  it  will 
not  arrive  any  sooner  than  30  microseconds  after 
the  ground  wave  due  to  the  earth’s  cm"  .iture. 
Observations  of  the  received  pulse  beyond  the 
30  microsecond  point  will  most  likely  be  a 
groundwave-skywave  combination  and  should  there¬ 
fore  be  avoided.  Automatic  Loran-C  receivers 
solve  this  problem  by  automatically  finding  a 
point  on  the  pulse  prior  to  the  skywave  arrival 
time. 

figure  5  depicts  a  typical  instrumentation 
scheme  utilized  by  those  who  wisli  to  achieve 
sub-microsecond  accuracy  with  the  Loran-C 
timing  system,  i.e.  those  who  utilize  the 
Loran-C  pulse  groups  for  time  synchronization. 

The  Naval  Observatory  uses  similar  methods  at 
their  time  monitor  stations,  and  obtain  the 
required  degree  of  reliability  through  two  in¬ 
dependent  systems. 

The  Loran-C  rate  generator  shown  provides 
output  triggers  at  the  Group  Repetition  Rate 
corresponding  to  the  tracked  Loran-C  rate  and 
has  the  special  capability  of  being  synchro¬ 
nized  by  the  operator  to  pr  cise  coincidence 
with  any  of  the  input  1  pps  triggers.  By  ref¬ 
erence  to  the  Naval  Observatory's  Ephemeris 
Tables,  the  operator  synchronizes  the  rate 
generator  to  the  appropriate  second,  thereby 


providing  a  "Loran  clock"  which  is  running  in 
agreement  with  both  the  Ephemeris  Tables  and 
the  tracked  Loran-C  chain.  An  important  con¬ 
dition  on  the  operator's  clock  is  that  it 
initially  must  be  accurate  to  at  least  one-half 
the  period  of  the  particular  Loran-C  rate 
chosen.  This  means  that  it  must  be  within  +  25 
milliseconds  of  UTC  for  Loran-C  rate  SO,  ami 
within  +  50  milliseconds  for  Loran-C  rate  SS0, 
with  otlier  rate  requirements  falling  somewhere 
between  those  two  extremes. 

The  Loran-C  timing  receiver  shown  is  simply 
a  single  channel  Loran-C  receiver  which  auto¬ 
matically  detects  and  tracks  a  point  on  the 
received  Loran-C  pulse  prior  to  the  skywave 
arrival.  This  receiver,  by  utilizing  all  of 
the  Loran-C  navigational  transmissions  and  by 
using  suitable  integration  times,  should  be 
capable  of  measuring  the  phase  of  the  received 
Loran-C  signal  to  0.1  microsecond,  for  the 
sake  of  example  in  this  discussion,  presume 
that,  having  accurately  found  the  start  of  the 
fourth  r-f  cycle  (30  microsecond  point),  the 
receiver  provides  an  output  trigger  at  the 
particular  Loran-C  Group  Repetition  Rate  and 
that  this-  trigger  precisely  corresponds  to  the 
start  of  the  first  pulse  of  the  Loran-C  group 
of  eight,  i.e.  30  microseconds  in  front  of  file 
tracking  gate  oil  the  first  pulse. 

All  that  now  remains  to  be  done  is  to 
start  a  time  interval  counter  with  the  local 
rate  generator  and  stop  it  with  the  output  of 
tits  Loran-C  receiver.  The  displayed  time 
interval  should  thenrequnl  propagation  time 
plus  receiving  system  delay  plus  clock  error, 
assuming  the  Loran-C  chain  is  precisely  on  time. 
The  time  interval  displayed  is  essentially 
continuous,  in  that  it  is  updated  at  a  minimum 
rate  of  ten  times  per  second. 

If  the  chain  being  utilized  is  an  "untimed" 
Loran-C  chain,  its  transmissions  ore  not  in 
agreement  with  the  Ephemeris  Table  for  that  rote. 
Two  users  can  still  utilize  the  chain  for  syn¬ 
chronization  to  eocli  other  if  they  accomplish 
their  individual  synchronizations  at  about  the 
same  time,  as  was  discussed  in  the  section  re¬ 
lating  to  accuracies  available.  All  they  need 
do  is  to  simply  presume  that  the  chain  is  in 
fact  on  time;  each  would  therefore  be  making 
an  error  of  the  same  magnitude  and  the  result 
would  be  synchronization  to  each  other. 

If  the  Loran-C  receiver  utilized  is  an  auto¬ 
matic  receiver  in  the  sense  that  it  provides  a 
continuous  phase  lock  on  the  received  signals, 
it  often  provides  a  phase  locked  100  kHz  or  1 
MHz  output  frequency.  Since  the  frequency  of 
the  timed  Loran-C  chain  is  controlled  by  a 
cesium  beam  oscillator,  the  receiver  output 
frequency  will  exhibit  the  identical  long 
term  stability  of  the  cesium  and  can  therefore 
be  used  as  an  excellent  frequency  reference. 

The  short  term  stability  will  of  course  be 
degraded  by  the  receivers  measurement  fluctua¬ 
tions  due  to  noise  and  interference. 


To  implement  a  precision  time  and  frequency 
system,  it  is  important  that  the  receiving  sys¬ 
tem  delay  be  accurately  known  and  that  it  re¬ 
main  stable.  Accurate  delay  measurements  are 
best  made  with  Loran-C  simulators;  timing  equip¬ 
ment  manufacturers  normally  furnish  this  delay 
information.  Changes  to  the  system  delay  might 
be  caused  by  temperature  changes  or  by  adjust¬ 
ments  to  the  tuned  circuits  preceding  the 
actual  measurement  process.  Excluding  notch 
filters,  normally  the  only  tuned  circuit  in¬ 
volved  is  the  bandpass  filter  which  typically 
has  a  3  db  bandwidth  of  20  to  30  kHz  centered 
on  100  kHz.  For  high  resolution  timing  systems, 
the  selection  of  front  end  bandwidth  and  num¬ 
ber  of  poles  in  the  filter  must  not.  only  con¬ 
sider  the  best  compromise  for  reception  of 
the  Loran-C  transmissions,  but  must  also  con¬ 
sider  the  effect  of  delay  changes  caused  by 
temperature  induced  changes  to  filter  tuning. 

The  retuning  of  narrow  band  notch  filters 
may  cause  serious  system  delay  changes.  The 
user  is  faced  with  two  alternatives.  He  can 
use  a  loop  antenna  system  to  null  out  the 
most  harmful  interference  or  he  can  calibrate 
his  receiving  system  with  the  notch  filter 
locked  to  the  most  advantageous  position.  Most 
likely  lie  will  do  both.  The  latter  alterna¬ 
tive  will  not  protect  him  from  temperature 
induced  changes  but  a  reasonably  well  controlled 
environment  should  eliminate  this  as  a  serious 
problem. 

Care  should  be  taken  when  tuning  notch 
filters  because  of  the  danger  of  distorting 
the  received  pulse  shape  to  a  degree  where 
the  automatic  Loran-C  receiver  will  select  an 
r-"  cycle  other  than  the  one  it  was  designed  to 
select.  Manufacturers  should  be  required  to 
delineate  acceptable  tuning  ranges  for  any  in¬ 
stalled  notch  filters. 

Conclusion 


and  whether  or  not  he  was  located  in  the  prime 
navigational  coverage  area  of  the  chain. 

The  future  of  the  Loran-C  system  for  time 
and  frequency  dissemination  will  undoubtedly 
see  the  expansion  of  the  service  to  all  ex¬ 
isting  chains  as  the  operational  requirements 
for  these  services  arise.  On  the  technical 
side,  investigations  are  planned  to  remove  the 
system  error  from  the  chains  and  to  investigate 
the  operational  feasibility  of  reducing  UTC 
tolerances  to  +  1  microsecond.  In  that  skywaves 
appear  to  offer  great  potential  for  global  tim¬ 
ing  coverage,  they  offer  a  very  fertile  field 
for  increased  studies  of  the  stability  of  their 
time  of  arrival. 
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Sub-microsecond  accuracy  is  available  with 
the  Loran-C  timing  system  if  one  is  willing  to 
accept  the  restricted  operating  conditions  pre¬ 
viously  discussed.  Without  those  restrictions, 
the  accuracy  to  which  one  user  in  one  part  of 
the  world  can  synchronize  to  a  user  in  another 
part  of  the  world  is  predicted  to  be  five  micro¬ 
seconds  (one  sigma).  Probably  the  most  signif¬ 
icant  advantage  of  the  Loran-C  system  is  that 
it  is  fully  operational  and  such  accuracies  can 
be  achieved  without  much  complexity  fir  the 
user.  The  system  is  also  adaptive  tq  the  user's 
needs  in  the  sense  that  coarse  synchronization 
accuracies  are  available  at  minimum  user  costs 
while  the  finer  accuracies  require  a  greater 
investment.  All  of  this  is  accomp.iished  while 
still  performing  the  navigational  functions, 
resulting  in  an  efficient  use  of  the  electro¬ 
magnetic  spectrum.  It  is  reasonable  to  postu¬ 
late  that  the  user's  position  can  bo  determined 
by  the  navigational  system,  thereby  obviating 
the  need  for  a  survey.  This,  of  course,  would 
depend  heavily  on  the  degree  of  accuracy  required 


Chain 

Master  : 

Slave  Emission  Delays  (usee) 

East  Coast 

Carolina  Beach,  N.  C. 

W  -  Jupiter,  Fla.  -  1 3 ,695 • 

X  -  Cape  Race,  Nfld.  -  36,389.56 

Y  -  Nantucket,  Mass.  -  52,541.27 

Z  -  Dana,  Indiana  -  68,560.68 

Central  Pacific 

Johnston  Island 

X  -  Upolo  Point,  Hawaii  -  15,972.411 

Y  -  Kure  Island  -  35,253-02 

Norwegian  Sea 

Ejde,  Faroe  Islands 

W  -  Sy It,  Germany,-  30,065-22 

X  -  Bo,  Norway  -  15,048.11 

Y  -  Sandur,  Iceland  -  48,944.69 

Z  -  Jan  Mayen,  Norway  -  63,216.99 

Northwest  Pacific 

Iwo  Jima 

W  -  Marcus  Island  -  15,283.94 

X  -  Hokkaido,  Japan  -  36,684.70 

Y  -  Gesashi,  Okinawa  -  59,463-34 

Z  -  Yap  Island  -  80,746.78 

*Medl terranean 

Simeri  Crichi,  Italy 

X  -  Matratin,  Libya  -  14,107-58 

Y  -  Targabarun,  Turkey  -  32,273-28 

Z  -  Estartit,  Spain  -  50,999-68 

*North  Atlantic 

Angissoq,  Greenland 

W  -  Sandur,  Iceland  -  15,068.10 

X  -  Ejde,  Faroe  Is.  -  27,803.80 

Z  -  Cape  Race  Nfld.  -  48,212.80 

*Alaskan 

St.  Paul  Is. 

X  -  Sitkinak,  Alaska  -  14,284.39 

Y  -  Attu,  Aleutian  Is.  -  3 1 ,875 - 30 

Z  -  Port  Clarence,  Alaska  -  53,069-07 

^Southeast  Asia 

Sattahip,  Thailand 

X  -  Lampang,  Thailand  -  13.182.87 

Y  -  Con  Son  Is.,  S.  Viet  Nam  -  29,522.12 

'•These  chains  are  not  presently  timed. 


Table  I.  Slave  Emission  Delays 


U.  S.  NAVAL  OBSERVATORY 
WASHINGTON,  D.  C.  20390 


DAILY  RELATIVE  PHASE  VALUES,  SERIES  4 

Reference:  (a)  Time  Service  Letter  of  30  September  1968,  Series  4 
The  table  gives:  (USNO  -  Station) 


Unit  =  one  microsecond 

LORAN-C* 

LORAN-C* 

LORAN-C 

LORAN-C** 

Frequency 

Iwo  Jima 

Johnston  I. 

Cape  Fear 

Ejde 

(kc/s-UTC) 

100 

100 

100 

100 

1969  Jan.  16 

4.1 

. 

-  0.5 

-  6.7 

17 

4.0 

- 

-  0.6 

-  6.7 

18 

4.1 

- 

-  0.5 

-  6.6 

19 

4.0 

- 

-  0.5 

-  6.5 

20 

4.0 

- 

-  0.7 

-  6.7 

21 

3.9 

- 

-  0.6 

-  7.0 

22 

3.9 

- 

-  0.6 

-  7.0 

*Measured  by  USNO  Time  Reference  Station  within  ground  wave  range  but 
corrected  to  refer  to  USNO  Master  Clock. 

**Computed  from  differential  phase  data  provided  by  the  U.  S.  Coast  Guard 
Stations  operating  on  the  North  Atlantic  repetition  rate. 


Reprinted  with  permission  of  the  U.  S.  Naval  Observatory. 


Figure  1.  Example  of  Weekly  Status  Report  of  Timed  Loran-C  Chains. 
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FIGURE  2.  EXISTING  GROUNDWAVE  AND  SKYWAVE  COVERAGE 


FIGURE  3  POTENTIAL  GROUNDWAVE  AND  SKYWAVE  COVERAGE 
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AN  APPLICATION  OF  STATISTICAL  SMOOTHING  TECHNIQUES  ON 
VLF  SIGNALS  FOR  COMPARISON  OF  TIME  BETWEEN  USNO  AND  NBS 


Alain  Guetrot 

Bureau  International  de  l'Heure 
Paris,  France 

Lynne  S.  Higbie 
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Summary 

Recent  developments  have  provided  a 
method  for  obtaining  submicrosecond  time  com¬ 
parisons  over  continental  distances.  The  method 
>vas  applied  to  a  time  comparison  between  the 
master  clocks  at  the  United  States  Naval  Observ¬ 
atory  (USNO)  and  at  the  National  Bureau  of 
Standards  (NBS)  in  Boulder,  Colorado. 

There  were  the  following  developments. 
First,  if  two  signals  show  a  reasonable  degree 
of  correlation  in  their  fluctuations,  then  one  may 
derive  an  optimum  linear  cot. 'bination  of  the  two 
with  a  mean  square  error  less  than  for  either 
signal  individually.  The  two  signals  studied  were 
the  transmissions  on  21.  4  kHz  from  NSS  in 
Annapolis,  Maryland,  and  on  20.  0  kHz  from 
WWVL  in  Fort  Collins,  Colorado.  It  is  neces¬ 
sary  that  receivers  be  located  for  both  signals  at 
the  locations  of  the  controlling  clocks.  Exist¬ 
ence  of  positive  correlation  was  shown.  The 
positive  cross  correlation  probably  was  due  to 
the  near  reciprocal  path  and  the  very  close 
transmission  frequencies. 


The  phase  or  time  fluctuations  of  the 
master  clocks  however  followed  a  spectral 
density  law  proportional  to  |f|"^,  flicker  of  fre¬ 
quency  noise,  for  frequencies  lower  than  one 
cycle  per  day. 

Third,  an  optimum  linear  filter  (Wiener 
filter)  giving  the  minimum  mean  square  error 
estimate  (MMSEE)  of  the  signal  has  been  deter¬ 
mined  for  a  random  walk  of  phase  signal  (spectral 
density  proportional  to  Iff  )  imbedded  in  white 
noise  (spectral  density  proportional  to  |f|°).  The 
same  filter  was  shown  to  be  still  optimum  for 
spectral  densities  proportional  to  |f|"^  for  the 
signal  and  j f | "  ^  for  the  noise. 

Application  of  the  above  filter  to  the 
appropriate  linear  combination,  defined  through 
correlation  properties,  of  NSS  and  WWVL  signals 
showed  an  improvement  of  15  dB  in  the  rms  day- 
to-day  phase  fluctuations.  The  day-to-day  rms 
time  deviations  were  about  70  ns  on  the  final 
results.  The  output  estimate  of  the  filter,  com¬ 
pared  with  portable  clock  measurements,  gave  a 
disparity  of  the  order  of  the  final  output  noise. 


Second,  the  phase  fluctuations  due  to  the 
propagation  medium  were  consistent  with  a 
spectral  density  of  the  random  phase  noise  pro¬ 
portional  to  lf|"*,  commonly  called  flicker  of 
phase  noise.  This  persisted  for  Fourier  fre¬ 
quencies  from  one  cycle  per  day  down  to  one 
cycle  per  several  weeks.  The  fluctuations  on  the 
linear  combination  of  the  two  signals  still  be¬ 
haved  as  flicker  of  phase  noise  but  at  a  lower 
level. 


The  experiment  provided  an  opportunity  to 
determine  if  there  is  an  effect  of  mass  on  fre¬ 
quency  and  within  the  uncertainties  of  the  experi¬ 
ment  a  null  result  was  obtained. 
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A  COORDINATE  FREQUENCY  AND  TIME  SYSTEM 


G.  E.  Hudson,  D.  W,  Allan,  J,  A.  Barnes 
National  Bureau  of  Standards,  Boulder,  Colo. 

and 

R.  Glenn  Hall,  J.  D,  Lavanceau,  C-.  M.  R.  Winkler 
U.  S.  Naval  Observatory,  Washington,  D.  C. 

SUMMARY 

A  coordinate  frequency  and  time  system, 
suitable  for  extension  to  worldwide  coverage,  is 
described  in  relation  to  the  form  evolving  in  the 
United  States.  It  consists  of  a  network  of  com¬ 
ponent  primary  and  associated  stations,  at  fixed 
locations  and  altitudes,  and  a  reference  coord¬ 
inating  component  at  a  reference  location  and 
altitude. 

Each  primary  station  is  a  source  of 
coordinate  frequency  and  time  signal  emissions 
steered  directly  in  rate  and  epoch  by  a  steering 
element;  for  coordination  purposes  this  element 
is  offset  slightly  in  rate  from  an  associated  in¬ 
dependently  running  "proper"  local  atomic 
standard.  The  local  independent  atomic  standards 
are  each  evaluated  for  internal  accuracy  of  reali¬ 
zation  of  the  standard  Cesium  frequency  value 
assigned  in  the  International  System  (SI)  of  Units, 
and  for  reliability  and  stability  of  operation. 

A  unified  local  atomic  standard  for  the 
system  serves  as  the  coordinating  component. 

It  is  defined  in  terms  of.'a  weighted  average  of 
the  independent  local  atomic  standard  frequencies 
whose  weights  are  chosen  on  the  basis  of  reliability, 
stability,  internal  accuracy,  and  independence.  It 
is  a  "proper  paper  standard"  regarded  as  normally 
located  at  the  system  origin,  at  a  standard  ref¬ 
erence  altitude.  In  its  definition,  the  frequency  of 
the  unified  atomic  standard  is  taken  equal  to  the 
value  f(Cs). 


When  completely  coordinated,  the  carrier 
frequencies  and  signal  epochs  received  at  the 
origin  from  a  participating  station  have  average 
values  equal  to  the  assigned  coordinate  values 
when  measured  by  the  unified  atomic  standard. 

But  if  the  measurement  were  made  by  the  unified 
standard  at  the  emission  site,  this  would  not  be 
the  case,  in  general,  because  of  the  small  Pound- 
Rebka  carrier  frequency  shift.  Moreover, 
referred  to  emissions  from  a  coordinated  station 
A,  there  is  no  fractional  difference  in  average 
rate  and  frequency  of  signals  received  at  A,  if 
they  are  emitted  from  another  coordinated 
station,  B. 

An  analysis  of  this  network  leads  to  the 
necessary  conditions  on  the  average  frequencies 
emitted  from  the  participating  stations  when 
coordinated  and  to  the  frequency  values  of  the 
independent  .ical  atomic  standards  referred  to 
the  unified  one. 

The  system  could  be  extended  interna¬ 
tionally,  by  regarding  the  national  unified 
standards  as  components  of  an  international  one 
whose  assigned  frequency  would  equal  f(Cs). 

Again,  a  physical  link  must  be  established 
between  the  components  in  real  time.  This  leads 
to  the  recognition  of  small  individual  frequency 
offsets  of  emissions  and  of  national  unified 
standards  needed  to  achieve  a  well-defined 
international  coordinate  frequency  and  time  system. 


I.  INTRODUCTION 


A,  General  Consideration 

There  are  three  aspects  of  a  time  and 
frequency  information  dissemination  system 
which  require  three  quite  distinct  types  of 
activity  by  associated  personnel. 

1)  The  system  must  be  administered. 
This  means  that  its  effects  on  the  users  served 
by  it  must  be  continually  evaluated  to  see  if 
their  needs  are  met.  Policy  decisions  must  be 
taken  with  an  eye  toward  future  developments, 
as  well  as  toward  safeguarding  of  commonly 
accepted  practice,,  and  technical  feasibility. 

2)  It  must  be  operated  and  maintained 
consistently  ai.d  efficiently.  By  its  nature  all 
component  portions  of  the  system  must  be  coord¬ 
inated  continually  to  insure  internal  consistency. 
Internal  records  of  the  regular  operations,  ad¬ 
justments,  changes  in  system,  and  data  collected 
by-monitoring  activity  must  be  kept  in  a  uniform 
way  and  be  available  to  system  administrative, 
operating,  and  engineering  staff. 

3)  The  technical  characteristics  of 
the  system, including  its  limitations, must  be  in¬ 
vestigated  and  continually  reexamined  in  the 
light  of  technological  advances  and  the  require¬ 
ments  of  the  system  users  and  potential  users. 
There  must  be  a  clear  understanding  of  the 
existing  system  physically  and  from  an  infor¬ 
mation  theory  point  of  view.  This  understanding 
must  be  both  on  a  conceptual  and  operational 
level  and  be  both  deep  enough  and  broad  enough 
to  yield  a  proper  technical  perspective  con¬ 
cerning  the  relation  of  the  system  to  others, 
existing  or  proposed. 

These  three  requirements  account  for  the 
sextuple  authorship  of  this  short  paper.  The 
authors  can  be  identified  roughly,  but  not  ex¬ 
clusively,  in  pairs  with  these  aspects.  They 
are  paired  because  the  system  proposed  herein 
stems  from  experience  with  and  observation  of 
the  joint  effort  made  between  two  major  institu¬ 
tions  of  the  many  government  agencies  interested 
in  establishing  a  single  coordinate  frequency  and 
time  system  for  the  United  States.  In  making 
this  coordination  effort  we  have  observed  that  it 
may  be  feasible  to  extend  its  use  with  small 
modifications  to  wider  coverage,  an  aim  ex¬ 
plicitly  stated  in  the  "terms  of  reference"  of 
Study  Group  VII  of  the  CCIR.  In  passing,  it 
should  be  noted  that  the  terms  "coordinated" 
and  "coordinate"  --  since  they  refer  to  an 
agreed  upon  method  for  referring  time  to  a 
common  reference,  are  almost  synonymous 


and  may  be  used  in  the  present  text  inter- 
changeably'(except  for  syntax). 

There  are,  of  course,  many  other  indi¬ 
vidual  contributions, including  industrial  concerns 
and  government  agencies, to  this  systematic 
effort  in  addition  to  the  six  authors  and  their 
respective  two  agencies.  It  perhaps  suffices  to 
cite  in  this  respect  the  members  of  U.  S.  Study 
Group  VII. 

B.  The  USNO-NBS  Coordination 

As  a  guide  in  discussing  the  present 
coordination  effort  we  list  seven  prerequisites 
descriptive  of  the  kind  of  coordinate  time  sys¬ 
tem  being  set  up  and  maintained  (although  not 
yet  completely  formalized!)  in  the  United  States 
for  general  use.* 

1)  The  system  contains  component 
member  stations  and  laboratories. 

2)  Each  member  has  similar  identi¬ 
fiable  items  of  equipment  or  portions  of  equip¬ 
ment  systems,  which  we  shall  call  elements  of 
the  local  system  component. 

3)  The  component  members  of  the 
system  are  evaluated  and  given  statistical 
weights  on  the  basis  of  certain  criteria  agreed 
upon  by  the  members, 

4)  Adjustment  procedures  are  formu¬ 
lated  in  the  sense  of  designating  at  what  portions 
of  the  system  coordinating  adjustments  are  to 
be  made,  and  when  they  are  to  be  made,  and 
tolerance  limits  of  various  kinds  are  specified. 

5)  Maintenance  procedures  are  formu¬ 
lated  and  followed  in  the  sense  of  collection,  re¬ 
cording,  and  reporting  of  data  to  be  used  in  order 
to  maintain  the  smooth  operation  of  the  system. 

6)  Provisions  are  made  for  the  parti¬ 
cipation  of  associated  member  stations,  whose 
atomic  clocks  are  used  at  the  station 

for  control  and  stability,  but  are  not  maintained 
sufficiently  independently  to  be  included  in  the 
component  weighting  procedure  of  the  system. 
Such  stations  are  monitored  and  emit  signals 
within  the  prescribed  tolerance  limits  --  i.  e.  , 
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th  ey  disseminate  the  coordinate  time  and  freq¬ 
uency  information  in  the  way  agreed  upon,  but 
do  not  have  a  commercial  or  government 
standards  laboratory  directly  working  with 
them  as  part  of  the  system. 

7)  A  reference  location  anc.  initial 
epoch  must  be  designated;  a  reference  time 
scale  (a  "paper"  clock)  must  be  defined  as  an 
average  (using  the  weights  chosen  in  item  3) 
of  the  component  independent  atomic  freq¬ 
uency  and  time  standards.  It  should  be  noted 
that  the  system  origin  so  specified  should  be 
in  terms  of  a  physical  object--e.  g.  ,  a  labora¬ 
tory  building,  and  a  well-defined  physical 
event.  Moreover,  the  record  of  differences 
between  the  reference  scale  and  other  well- 
defined  scales  such  as  UT2  and  ET  must  be 
kept  continuously  as  a  necessary  part  of  the 
coordinate  time  system.^ 

Since  the  independent  local  atomic 
standards  and  clocks  are  usually  averages  of 
several  physically  distinct  but  similar  atomi¬ 
cally  controlled  or  calibrated  clocks,  the 
name  independent  local  mean  standard  will 
be  used  for  them.  (Sometimes  we  shall  use 
the  term:  "local  atomic  standards"  as  an 
alternative  one.  )  Similarly,  the  average 
time  scale  at  the  system  spatial  origin  will 
be  designated  the  national  mean  scale  --or 
sometimes  the  "unified  atomic  standard.  " 

We  can  retrace  these  points  in  terms  of 
the  present  USNO-NBS  coordinated  effort  for 
the  United  States. 

1)  Obviously,  the  two  present  com¬ 
ponents  of  the  system  are: 

(1)  the  U.  S  Naval  Observatory 
in  Washington,  D.  C. ,  in  close  association  with 
the  laboratories  of  NRL  and  commercial  stan¬ 
dards  laboratories  which  furnish  the  USNO 
with  information  and  assistance  in  evaluating 
their  atomic  Cesium  standard  oscillators  and 
clocks. 

(2)  the  National  Bureau  of  Stan¬ 
dards  Laboratory  at  Boulder,  Colorado. 

2)  The  essential  basic  elements  for 
each  component  have  been  identified  and  are 
illustrated  schematically  in  Figure  1.  They 
are: 


(a)  local  atomic  Cesium  frequency 
standards  and  independent  mean  time  scales. 

At  the  USNO  Time  Service  Division,  in  Wash¬ 
ington  there  is  maintained  a  set  of  from  ten  to 
sixteen  independent  atomic  clocks  whose 
readings  are  recorded  and  averaged  almost 
every  day  by  a  statistical  weighting  procedure.  . 
The  average  reading  is  the  independent  mean 
paper  time  scale  IM  (USNO).  This  scale  is 
also  known  as  A.  1.  The  rate  of  running  of 
each  clock  in  the  set  is  controlled  by  the 
radiation  frequency  characteristic  of  the 
well-known  energy  transition  of  atomic  Cesium. 
The- statistical  procedure  chosen  insures  a 
high  degree  of  internal  stability,  reliability, 
and  independence  of  IM  (USNO)  from  other 
physical  systems.  Although  not  a  direct 
realization  in  the  sense  of  standards  labora¬ 
tories  of  the  base  units  of  time  interval  and 
frequency  adopted  in  the  SI,  this  "proper" 
time  scale  yields  a  close  approximation.  It 
is  an  example  of  a  local  atomic  standard  for 
the  coordinate  time  system  described  herein. 

At  the  NBS  Time  and  Frequency 
Division,  in  Boulder  there  is  maintained  a 
local  Cesium  atomic  frequency  standard  known 
as  NBS-IU,  used  to  calibrate  the  rates  of 
running  of  a  set  of  crystal-oscillator  and 
atomic-oscillator  controlled  clocks.  A 
statistically  weighted  average  of  those 
readings  is  used  to  compute  the  "paper"  atomic 
time  scale  known  as  AT  (NBS).  The  internal 
accuracy  of  the  reference*  frequency  standard, 
NBS-III,  is  continually  evaluated  to  determine 
the  confidence  with  which  the  standard  realizes 
the  SI  base  unit  of  time  interval,  the  second 
(or  its  inverse,  the  hertz).  The  statistical 
procedure  is  chosen  to  ensure  that  the  AT  (NBS' 
scale  realizes  the  internal  accuracy  of  the  local 
atomic  frequency  standard,  at  this  moment, 

5  x  10"12  (3 o  ). 

Redundancy  and  reliability  are  furnished 
by  the  crystal  and  atomic  clock  system,  while 
long-term  stability,  as  well  as  accuracy,  is 
computed  from  the  calibrations  relative  to 
the  NBS-frequency  standard.  This  portion  of 
the  NBS  system  is  an  example  of  an  inde¬ 
pendent  local  proper  atomic  standard  for  the 
coordinate  time  system,  and  may  be  designated 
IM  (NBS).  Its  scale  is  identical  with  what  has 
been  known  as  NBS-A,  but  is  now  known  as 
AT  (NBS). 


(b)  coordinating  elements  whereby 
necessary  correctionsand  adjustments  for 
coordination  are  introduced  into  the  local 
control  equipment  or  perhaps  are  kept  only  as 

a  record  and  guide  for  coordini,  ion.  Some 
detailed  methods  for  the  calculation  of  these 
corrections  are  discussed  in  a  later  section. 

No  standard  name  has  yet  been  given  to  these 
internal  system  records;  but  each  component 
certainly  keeps  such  records.  It  is  pro¬ 
bable  that  they  should  be  continuously  avail¬ 
able  to  both  components. 

(c)  Steering  elements  can  be 
identified  at  both  component  stations.  They 
are  the  respective  clocks  and  oscillators  used 
to  control  or  steer  the  carrier  frequencies, 
signal  pulse  rates,,  and  time  epochs.  One  may 
designate  them  as  coordinate  clocks  and  freq¬ 
uency  standards.  They  should  be  set  physically 
to  maintain  the  agreed  coordination.  At  the 
USNO,  the  steering  element  is  called  the  master 
clock,  but  might  be  designated  for  system  pur¬ 
poses  TC(USNO).  Similarly,  the  NBS  time 
scale  or  clock  keeping  coordinate  time  may 

be  called  TC(NBS).  When  these  clocks  and 
scales  become  coordinated  internationally,  they 
could  be  designated  UTC(USNO)  and  UTC(NBS) 
respectively;  the  U  denotes  "universal",  and 
the  TC  denotes  "coordinated  time". 

(d)  There  are,  of  course,  radio 
emissions  of  time  signals  and  carrier  frequen¬ 
cies  closely  associated  in  spatial  location  with 
each  component.  For  NBS,  this  is  WWV  and 
WWVL,  and  for  the  USNO,  this  is  NSS.  There 
are  other  emissions  closely  associated  with 
them,  but,  because  they  are  not  from  nearby 
radio  stations,  we  prefer  to  distinguish  them  as 
"associated  stations". 

(e)  Finally,  at  each  locale  there 
are  monitoring  and  maintenance  facilities  whereby 
data  required  for  maintaining  continuous  coord¬ 
ination  are  collected  and  recorded. 

3)  The  initial  coordination  between  the 
USNO  and  NBS  took  place  on  1  October  1968,  It 
was  necessary  at  that  time  to  correct  relatively 
large  divergences  in  rate  of  the  respective  emis¬ 
sions  amounting  to  about  8  parts  in  1013.  Hence, 
it  was  decided,  as  an  interim  measure,  without 
following  the  format  discussed  here,  to 

shift  the  steering  rates  sufficiently  over  a  period 
of  time,  to  eliminate  the  major  portion  of  this 
discrepancy.3 


This  has  now  been  accomplished.  Accord¬ 
ingly,  more  refined  adjustments  for  coordination, 
which.will  take  into  account  small  effects  such  as 
the  Pound-Rebka  gravitational  red -shift3  and 
relative  random  walks  of  the  two  local  atomic 
standards,  will  be  made  in  the  future.  In  order 
to  do  this,,  it  has  been  decided  to  attach  equal 
weight  to  the  two  standards.  In  our  notation,  this 
means  Q!j  =  =  0.  5.  Briefly,  this  decision  re¬ 

sulted  from  a  consideration  of  several  incommens¬ 
urate  requirements  at  the  two  components.  It  is 
very  important  that  the  coordinate  scale  have 
nearly  one  "second"  as  the  base  unit  of  time  at. the 
coordinate  time  origin.  This  is  the  "second",  as 
defined  in  the  International  System  (SI)  of  units. 

It  is  part  of  the  mission  of  NBS  to  attempt  to 
realize,  tvia  the  frequency  standard  jS-III,  this 
unit.  At  the  same  time,  it  is  also  .  -portent  to 
keep  the  coordinate  time  scale  as  stable  as 
possible,  and  insure  its  reliability, 
of  prime  consideration  for  the  5NO. 

4)  Every  few  months,  as  a  result  of 
continuous  monitoring  via  radio  observation's  and 
portable  clock  intercomparisons,  a  new  adjust¬ 
ment  of  the  steering  elements  and  the  radio 
emissions  must  be  made,  to  insure  that  the  freq¬ 
uencies  and  rates  of  all  system  emissions,,  as 
observed  at  the  USNO  (i.  e.  ,  near  sea  level),  have 
the  nominal  values  assigned  them,  measured 
relative  to  the  unified  meaji  standard  of  the 
system.  Because  of  differences  produced  by  pro¬ 
pagation,  and  differences  in  rate  between  the 
local  mean  standards  and  the  system's  unified 
one,  the  rates  as  emitted  from  the  stations  and 
measured  by  the  respective  local  standards  will 
not  have  the  nominal  values  but  will  be  slightly  off¬ 
set.  This  is  discussed  more  fully  in  the  next 
section. 

5)  The  USNO  maintains  a  large  portable 
clock  service,  and  is  charged  by  the  DOD  with 
assuring  uniform  standards  of  practice  in  freq¬ 
uency  and  time  throughout-  the  DOD.  Coupled 
with  the  radio  monitoring  facilities  both  at  NBS 
and  the  USNQ,  data  are  collected  which  result 

in  avalue  for  the  fractional  rate  difference, 

Sj^i  between  the  USNO  and  NBS  independent  mean 
standards. 
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II.  THE  MEANING  OF  COORDINATE  TIME 
AND  METRIC  .TIME 


Based  in  part  on  this  measurement,  and 
on  the  weight  value  chosen,  other  quantities  of 
importance  for  maintaining  coordination  are 
inferred,  as  described  in  the  third  section. 

6)  We  mention  briefly  the  stations 
and  emissions  which  can  be  considered  as  assoc¬ 
iated  ones.  This  meansthat  NBS-station  WWVK,-. 
in  Hawaii,  being  at  a  different  altitude,  should 
emit  signals  at  a  rate  very  slightly  different 
than  the  rate  of  WWV  --  even  when  both  rates 
were  measured  by  ideally  identical  local  stan¬ 
dards  at  the  two  sites.  The  Loran-C  chain  and 
the  forthcoming  Omega  system,  as  well  as  other 
U.  S.  Navy  standard  frequency  and  time  signal 
stations  may  be  considered  as  associated  sta¬ 
tions;  ^  monitoring  data  yields 
differences  between  their  emitted  signal  rates 
and  those  necessary  to  be  correctly  coordinated 
with  this  system.  Broadcast  stations,  too,  if 
considered  as  associated  coordinate  time  and 
frequency  stations  need  similar  information. 

7)  The  USNO  continually  make  obser¬ 
vations  of  star  transits,  and  this  information  is 
used  by  the  International  Bureau  of  Time  {BIH) 
in  constructing  the  astronomical  time  scale 
known  as  UT2  (roughly  the  same  as  Greenwich 
Mean  Time).  The  knowledge  of  UT2 
and  the  coordinate  time  system  emissions  is  a 
necessary  prerequisite  for  maintaining  the 
coordinate  time  scale  and  UT2  as  different  as¬ 
pects  of  the  same  coordinate  time  system.  Nec¬ 
essary  redundancy  and  convenience  in  using  it  - 
for  navigational  purposes  is  thereby  built  into 
the  system. 

We  have  designated  the  USNO  as  the  spatial 
origin  location  of  this  national  coordinate  time 
system.  The  initial  epoch  chosen  is,  provisionally, 
set  at  1  January  1958  at  0000  UT. 


Coordinate  time  systems  as  spatially  ex¬ 
tended  physical  objects  haveriong  been  envisioned 
in  physics,  and  employed  in  astronomy.  The 
importance  of  giving  an  explicit  operational 
definition  of  such  a  system  has  recently  been 
stressed  by  several  authors  --  notably  in  a 
■  presidential  address  to  the  Royal  Astronomical 


Society  by  D.  H.  Sadler. 
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It  is  our  purpose  h:'re  to  explain  the 
distinction  between  coordinate  time  and  metric 
time,  Very  briefly,  and  roughly,  it  is  analogous 
to  the  distinction  between  master-slave  radio 
stations,  and  independently  running  oscillators. 

More  exactly,  let  us  imagine  many  clocks, 
chosen  for  their  stability  and  reliability,  and 
because  each,  when  calibrated  by  an  atomic  freq¬ 
uency  standard  at  the  same  location,  is  deter¬ 
mined  to  run-.freely  at  a  rate  very  closely 
approximating  that  specified  in  the  International 
System.  The  clocks  can  then  be  distributed  over 
a  large  area  and  at  different  fixed  altitudes,  at 
fixed  locations  on  the  earth.  Each  then  continues 
to  run  with  its  proper  (Fr:  propre  =  self)  rate. 

It  is  a  local  atomic  standard,  and  can  be  used  to 
measure  rates  and  time  intervals  in  terms  of  the 
SI  base  units  for  frequency  and  time.  It  is  there¬ 
fore  called  a  "metric"  instrument.  This  agrees 
with  the  strict  mathematical  sense  of  metric 
since  we  do  not  envision  the  possibility  of  changes 
in  location  or  "small"  accelerations  as  affecting 
its  rate.  It  is  a  good  piece  of  laboratory  equip¬ 
ment  for  measuring  time  intervals. 

Now,  two  such  real  clocks  when  in  juxta- 
position'will  normally  diverge  very  slowly,  but 
randomly,  in  reading  and  rate,  because  of  tiny 
random  effects  which  are  not  eliminated.  A 
suitable  average  can  produce  an  average  reading 
and  rate,  which  is  presumably  more  stable  -- 
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and  the  stability  properties  of  such  a  mean 
clock  may  be  very  desirable.  However, 
one  cannot  necessarily  say  that  the  average 
clock  is  a  better  realization  of  the  SI  unit  of 
time  than  either  one  of  the  two.  This  is 
certainly  a  matter  for  further  investi¬ 
gation  in  each  case.  More  important,, 
however,  is  the  fact  that  two  such  clocks 
at  a  distance  would  run  quite  independently, 
and  at  their  own  (proper)  rates. 

However,  to, obtain  a  time  epoch  and  a 
frequency  which  is  uniform  over  a  large 
spatial  volume,  a  uniform  physical  link  with 
some  standard  clock  must  be  established. 

It  is  a  remarkable  fact  that  radio  signal 
pulses  or  carriers,  used  to  establish  such 
a  link,  and  when  measured  by  two  standard 
metric  clocks  A  and  B,  at  a  distance  from 
eath  other,  show  very  little  difference  in  freq¬ 
uency  or  rate  relative  to  these.  This  is 
illustrated  in  Figure  2.  However,  a  small 
systematic  effeerhas  been  observed  in  the 
frequency  of  electromagnetic  radiation  when 
it  is  propagated  through  a  difference,  gH,  in 
gravitational  potential,  over  an  altitude  differ¬ 
ence  H-  even  though  the  gravitational  accelera¬ 
tion  field,  g,  is  a  constant.  This  difference  is 
sometimes  ascribed  to  a  difference  in  rate 
of  the  metric  clocks.  But  the  argument  from 
physical  grounds  shown  in  Figure  3,  indicates 
that  the  radio  waves,  or  photons,  themselves 
change  energy,  and  therefore  freq¬ 

uency,  by  having  work  done  on  them  as  they 
move  in  a  direction  with  a  component  parallel 
to  the  field  vector  g.  The  computed  value  of  this 
effect  on  radio  carrier  frequencies  between 
Boulder,  Colorado,  and  Washington,  D.  C.  is 
1.  8  parts  in  1013  or  an  accumulative  effect 
over  a  year  of  6  ps.  (phase  difference  in  time 
units). 

This  can  be  described  geometrically  by 
attributing  different  radii  of  curvature  to  dif¬ 
ferent  portions  of  the  spacetime  map  on  which 
are  plotted  events  happening  to  two  clocks, 

A  and  C,  at  a  distance  and  at  different  alti¬ 
tudes.  In  this  way  the  relative  difference 
between  the  received  pulse  rate  at  C  and  the 
metric  clock  rate  at  C  can  be  portrayed. 


This  is  shown  in  Figure  4. 

So  it  is  easy  to  see,  as  also  shown  on  Fig¬ 
ure  5,  that  one  coordinates  time  at  different 
locales  and  altitudes,  by  sending  radio  pulses  from 
an  origin(say  at  sea  level)  so  that  the  coordinate 
clocks  at  various  locales  are  "slaved"  to 
the  agreed  time  scale  at  the  system  origin. 

Naturally  other  propagation  effect  5  and  random 
effects. must  be  taken  into  account,  by  a  suitable 
collection  of  data.  But  the  main  point  made  here 
is  that  coordinate  times  (and  frequencies)  must 
be  carefully  determined  by  establishing,  physical 
links  with  a  suitable  origin  time  scale.  More¬ 
over,  it  is  by  no  means  obvious  that  all  such 
physical  links  will  lead  to  the  same  coordina¬ 
tion.  Hence,  it  is  essential  to  define  the  method 
used  to  establish  this  link  very  carefully,  and 
to  follow  well-prescribed  procedures  in  meas¬ 
uring  (by  metric  clocks)  and  recording  the 
"behavior  "  of  the  extended  system.® 

In  this  system,  coordinate  clocks  slaved  to¬ 
gether  by  radio  means  are  needed  for  synchro¬ 
nization  and  epoch  interpolation.  Independent, 
proper,  metric  clocks  are  needed  for  time 
interval  and  rate  measurement  and  calibration. 

Radio  dissemination  is  needed  in  order  to  define 
the  time  coordinate  spacing  operationally.  A 
unified  system  mean  clock  at  the  origin  forms,  to¬ 
gether  with  adequate  records,  a  useful  reference 
and  transfer  standard,  if  its  rate  is  nearly  that 
prescribed  in  the  International  System. 

III.  PRINCIPLES  AND  ANALYSIS  OF  THE 
SYSTEM 

We  have  enunciated,  at  least  by  implication, 
four  main  principles  necessary  for  the  quantita¬ 
tive  definition  of  the  kind  of  coordinate  time 
system  emerging  from  the  USNO-NBS  coordina¬ 
tion. 

1)  A  national  mean  standard  or  unified 
atomic  clock  and  frequency  standard  is  defined 
by  the  weighting  process  at  the  system  origin. 

Its  fractional  rate  difference  from  the  average  of  the 
set  of  local  mean  atomic  standard  rates  js  zero. 

2)  Natural  astronomical  events  are  related 
to  the  national  mean  clock  readings  via  UT2. 

3)  No  radio  waves  or  pulses  used  to  synchro¬ 
nize  the  system  should  "disappear"  --  ideally 
there  is  conservation  of  phase  so  that  in  every 
closed  circuit  (including  equipment)  the  net 
phase  change  is  zero. 
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4)  Disseminated  coordinated  frequencies 
and  rates  measured  as  received  at  the  origin  in 
terms  of  the  national  mean  standard  must  have 
their  assigned  (i.  e. ,  nominal)  coordinate  values. 

In  view  of  these  requirements  we  may 
write  down  certain  relationships  between  meas¬ 
ured,  inferred,  or  assigned  quantities  and 
quantities  needed  for  making  adjustments  in 
emissions  in  order  to  attain  coordination. 

First,  let  us  define  a  few  symbols.  Let 

N  =  number  of  component  stations  and 
laboratories  in  the  system. 


D,,  D  , . . .  D  :  ideal  fractional  frequency 
1*  2’  N 

deviations  of  the  respective  emitted 
signals  from  their  respective  local 
mean  atomic  standards  in  order  to 
follow  the  presently  defined  UTC 
system. 

It  should  be  understood  that  the  freq¬ 
uencies  as  actually  emitted  and  received  may 
not  at  any  one  time  agree  with  the„ideal  values. 
The  system  records  should  show  the  ideal 
values,  and  the  departures  from  them  which 
would  be  regarded  as  errors  in  the  coordinate 
time  system. 


a, ,  a,. . . .  a  •  weights  assigned  to  the 
^  ^  N 

respective  components. 

Sj2>  S^, . . .  S^:  measured  or  inferred 

fractional  frequency  deviations  of  the 
rate  of  the  first  local  mean  atomic 
standard  (its  metric  element  )  from 
the  other  component  local  mean  time  and 
frequency  standards,as  if  in  juxtaposition, 

’  ’  FN  *l'act'onal  frequency  deviations 

of  the  rate  of  the  respective  local  mean 
standards  from  the  national  one. 

Ej,  E^,  ....  E^:  fractional  frequency  devia¬ 
tions  of  steering  elements  from  local  mean 
standards — recorded  in  the  coordinating 
elements  and  introduced  into  the  steer¬ 
ing  elements  to  compensate  for  random 
and  systematic  differences  of  the  com¬ 
ponent  local  standards  and  emissions 
from  the  national  mean  at  the  system 
origin. 


Figure  6  is  a  schematic  diagram  of  a 
national  system  with  N  components.  On  it,  one 
may  trace  for  each  component,  the  part  of  the 
component  circuit  in  which  each  of  the  quantities 
defined  above  appear. 

The  national  mean  standard  is  denoted  by 
the  letters  UAS  (unified  atomic  standard). 

On  the  figure,  certain  quantitative  rela¬ 
tions  are  shown  which  we  now  derive. 

N 

£  ai  * 1  •  (1) 

isl 

By  the  first  principle,  we  may  also  write 

N 

2>iV°.  (2) 

l«l 

The  definition  of  the  pairwise  measured 
(or  inferred)  fractional  frequency  deviation  of 
the  first  local  standard  from  the  othewyields 


*-*,»  G,, . .  .G  •  fractional  frequency  devia- 
tions  introduced  by  the  gravitational 
Pound-Rebka  shift  into  the  radio  time 
and  frequency  signals  used  for  synchro¬ 
nization  and  dissemination  as  they  travel 
to  the  system  origin. 


A 


=  F  -  F 
12  1  r  2 


.  S13  -  F1  *  F3 


S1N=VFN  J 


(3) 
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It  is  useful  to  note  that  S..  =  F.-  F.  and 

VI  i  J 

therefore  that  S, .  =  S, .  +  S. for  i  and  j 
lj  li  ij 

having  values  1,  2, . . .  .N, 

One  immediately  infers  that 


In  any  event,  this  frequency  offset  only 
furnishes  part  of  the  information  required  for 
a  more  accurate  immediate  knowledge  of  UT2, 
important  to  many  users.  Such  information  is, 
or  can  be,  supplied  by  voice  or  simple  code 
on  the  same  emissions. 
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a  relation  which  may  be  used  in  place  of 
Equation  (2). 


Principles  3)  and  4)  lead  to  the  equations 


E.  +  F.  +  G.=  0,  0=  1,  2, ...  N)  .  (7) 


The  gravitational  radiation  shifts 
are  easily  evaluated  from  the  differences 
in  altitude  of  the  component  emission 
stations  from  the  system  reference  alti¬ 
tude.  Let  these  altitude  differences  be 
H.,  H,. . .  .  H  ,  in  kilometers. 


Then 


where 


gH. 

G.  = 

J 


(j=l. .  .  -N) 


g  =  9.  8  m/s2 

Q 

c  s  3  x  10  m/s. 


(5) 


This  effect  must  be  included  to  help  satisfy 
principle  4). 


"'he  present  UTC-system  nec¬ 
essitates  the  insertion  of  a  constant  freq¬ 
uency  offset  for  all  UTC-coordinated 
emissions  from  the  nominal  assigned 
values  in  order  to  partially  synchronize 
the  time  signals  with-UT2.  Thus  we  have, 
at  present 

D.=  E.-300  x  10*10  .  (6) 

There  are  discussions  at  present  aimed  at 
eliminating  this  large  frequency  offset,  and 
attaining  the  very  rational  requirements  of 
the  navigators  by  a  different,  simpler,  and 
improved  means.  When,  and  if,  this  is 
done,  the  distinction  between  D  and  E  will 
vanish,  Until 

then,  all  UTC-carrier  signals  used  for 
calibration  purposes  ought  to  be  corrected 
on  reception  by  this  amount. 


That  is,  for  j=l,  for  example,  the  ideal  fractional 
frequency  deviation,  Ej,  between  the  first  local 
mean  atomic  standard  and  the  emitted  signal 
rates,  added  to  the  gravitational  shift,  G^,  in 
the  emitted  radiation,  ought  to  exactly  compen  - 
sate  for  the  inferred  random  difference,  F^, 

in  rates  of  the  first  local  mean  standard  and  the 
national  unified  mean  standard.  The  difference 
between  E.  and  D  can  be  ignored,  since  it  is 
both  added  and  subtracted  in  making  the  first, 
or  any,  circuit  in  the  system. 


Now,  if  one  is  given  all  the  a.  -values, 
and  measures,  or  infers  from  observations,  all 

the  S  .-values,  then  all  the  F. -values  can  be 
1J  J 


determined  from  Equations  1,  3,  and  4. 


The  E.- 
J 


values  are  determined  from  (7),  and  the  D.- 


values  from  (6).  One  represents  most  of  these 
relations  easily  on  a  frequency  level  diagram  as 
in  Figure  7. 
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Associated  with  each  component  station  there 
are  two  levels:  the  level  determined  by  the 
fractional  frequency  difference,  S^,  of  the 

fij-st  station's  local  mean  standard  from  the 
j—  local  mean  standard,  and  the  level  deter¬ 
mined  by  the  gravitational  shift,  G., 
determined  from  the  altitude  difference  of 
the  station  from  the  system  origin  reference 
level. 

Positive  quantities  are  represented  by 
vectors  pointing  up,  negative  ones  by  vec¬ 
tors  pointing  down.  Hence,  a  station  at  a 
high  altitude  will  have  a  gravitational  level 
below  the  reference  level,  indicated  by  UAS 
in  Figure  7,  and  conversely.  Figure  8  also 
depicts  the  situation  for  the  case  N=  2  as  it 
existed  for  the  USNO-NBS  coordination. 

As  explained,  however,  the  adjustments 
made  did  not  quite  follow  this  procedure 
because  of  the  large  value  of  S^.  (The 

values  of  G^and  G^  were  taken  to  be  zero 
for  this  initial  adjustment.) 

IV.  CONCLUSIONS 

Let  us  summarize  the  foregoing  dis¬ 
cussions,  briefly.  In  order  to  set  up  this 
coordinate  time  system,  there  seem  to  be 
nine  essential  procedural  steps. 

(1)  The  components  must  be  identificd- 
both  the  associated  and  the  member  stations  and 
laboratories. 

(2)  The  essential  system  elements 
belonging  to  each  component  member  must  be 
identified:  the  local  mean  atomic  standard, 

the  coordinating  element,  the  steering  element, 
and  the  local  coordinated  radio  station  emitting 
specified  time  and  frequency  signals. 

(3)  The  reference  origin  in  space  and 
time  must  be  specified. 

(4)  Intercomparison  measurements  of 
the  component  local  mean  atomic  time  and  freq¬ 
uency  standard  rates  and  epochs  must  be  made, 
leading  to  the  values  of  S^,  (j  =  2, . . .  N), 

(5)  Statistical  weights  (a)  must  be 
chosen  for  each  component. 


(6)  The  national  mean  standard  is  then 
defined  by  determining  the  deviations  (F)  of  all 
the  local  independent  mean  atomic  standards  from 
it. 

(7)  Astronomical  events  must  be 
measured  in  terms  of  the  unified  national  mean 
standard,  utilizing  UT2. 

(8)  The  desired  ideal  emission  rate 

offsets  (E)  from  their  respective  local  mean  stan¬ 
dards  must  be  determined  and  the  present  UTC 
value  D  (D  =  E  -  300  x  10  )  determined  for  UTC 

coordinated  emissions. 

(9)  Continuous  monitoring  procedures 
must  be  set  up  to  continually  redetermine  and  pub¬ 
lish  --  for  the  system  at  least  --  the  weights  and 

(a)  F  -  values 

(b)  E,  D  -  values 

(c)  Differences  between  actual  and 
ideal  emission  rates  and  epochs. 

(d)  Differences  between  actual  and 
ideal  reception  rates  and  epoch/*. 

If  these  procedures  are  permanently  implemented, 
and  the  present  USNO-NBS  coordination  appears 
to  assure  that  this  will  be  the  case,  the  system 
can  become  a  model  for  more  extensive  world¬ 
wide  application,  and  for  other  national  coordinate 
time  systems.  It  already  is  a  specific  well- 
defined  portion  of  what  is  often  called  the  "National 
Measurement  System". 

Some  modifications  may  be  needed  for 
worldwide  use.  For  example,  the  weighting  pro¬ 
cess  becomes  a  truly  knotty  problem,  with 
political  overtones.  To  insure  proper  statistical 
procedures,  it  is  essential  that  all  component 
members  keep  truly  independent  standards,  and 
evaluate  them  exhaustively  for  reliability, 
stability,  and  accuracy.  A  certain  amount  of 
knowledge  of  how  each  of  these  national  standards 
and  their  components  (observatories,  labora¬ 
tories,  and  radio  stations)  are  linked  by  physical 
means  and  coordination  procedures  must  be 
available  to  the  designated  international  coord¬ 
inating  agency.  We  are  fortunate  that  there  is 
already  in  existence  a  traditional  agency,  the 
international  Bureau  of  Time  (BIH),  which  re¬ 
ceives  all  the  essential  astronomical  information 
to  construct  the  UT2  scale,  and  acts  as  coord¬ 
inator  for  the  present  UTC  system.  In  fact, 


the  BIH  maintains  an  average  atomic  scale  o 
time  which  satisfies  some  of  the  prerequisites 
to  serve  as  an  international  mean  time  scale 
and  standard  (the  scale  known  as  A.  3).  Ques¬ 
tions  concerning  the  weighting  procedure,  i.  e. , 
how  to  use  the  data  furnished  the  BIH  --(both 
national  mean  scale  data  and  indivjdx^  com¬ 
ponent  data)  should  be  answered. 

Again,  the  CCIR  has  established  an  Inter¬ 
national  Working  Party  charged  for  the 
moment  with  considering  the  improvement  of 
the  UTC  system  to  meet  modern  require¬ 
ments.  So  it  would  be  natural  for  this  group, 
IWP  VU/1,  to  continue  to  act  as  an  advisory 
body  to  the  FAGS  (steering  committee  for  the 
BIH)  and  to  the  BIPM  (the  international  bureau 
engaged  in  metric  standardization  activities). 
These  are  clearly  interdisciplinary  matters 
which  are  the  concern  of  the  sciences  of 
astronomy,  geophysics,  radio  engineering, 
physics,  and  politics.  This  is  a  patter  for 
future  consideration  in  the  CCIR. 
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Figure  1:  The  symbols  D,  E,  F  refer  to 
fractional  frequency  offsets  explained  in  the 
text.  The  symbol"f  'stands  for  the  rate  or 
frequency  of  the  local  mean  clock  or  frequency 
standard--close  to  the  prescribed  Si-value. 
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Figure  3:  The  Pound-Rebka,  or  gravitational  freq¬ 
uency  shift  has  been  experimentally  verified  to  one 
percent  for  gamma  rays  using  the  Mossbauer  effect. 
It  is  a  consequence  of  the  general  relativistic  theory 
Of  graYitatlon^y^Afl.  COMPARISONS  of  rates.  FREQUENCIES. 
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Figure  2:  The  schematic  spacetime  map  shows 
radio  pulses  transmitted  to  B  and  returned  to  A 
to  synchronize  their  clocks.  A  and  B  are  separa¬ 
ted  by  about  2.  25  x  103km  (-1400  miles). 
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Figure  4:^  A  and  C  are  again  separated  by  about 
2.  25  x  10  km.  Their  coordinate  clocks  are 
synchronized  by  radio  pulses,  and  the  rates  of 
these  are  measured  by  the  metric  clocks  running 
at  their  own  (proper)  SI  rates.  The  curvature 
of  the  schematic  map  is  introduced  to  show  that 
the  intervals  of  the  two  metric  clocks  are  equal 
at  the  two  respective  locations  differing  in 
altitude.  Only  altitude  changes  produce  the  P-R 
effect,  although  for  pictorial  purposes,  hori¬ 
zontal  distances  as  well  are  combined  with 
differences  in  altitude. 
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Figure  5:  This  is  an  even  more  exaggerated  por¬ 
trayal  of  the  spacetime  curvature  needed  to  show 
the  difference  between  coordinate  intervals  and 
metric  intervals.  The  center  of  the  "earth"  is 
at  the  smallest  cross  section  of  the  "bottleneck". 
The  generators  of  the  surface  follow  roughly  the 
variation  in  gravitational  potential  with  altitude. 
Unlike  Figure  4,  no  horizontal  distances  are  in¬ 
volved. 
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Figure  6:  The  coordinate  time  system  resembles 
an  electrical  network.  Ideal  values  of  emitted 
frequencies  fj®,  are  indicated,  as  are  ideal 
values  f.  ,  of  received  frequencies,  and  the 

rates  f.®  of  the  standards,  and  f  of  the 
J  u 

system  unified  mean  standard.  Not  shown  are 
the  observed  emitted  frequencies  f  ^  ,  and 
actually  received  frequencies  f/\  The  meas- 


The  first  component  is  at  the  national 
mean  reference  level,  (UAS),  so  Gj=  0, 

Positive  quantities  are  associated  with  upward 
arrows.  Weights  are  not  shown. 
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Figure  8:  The  values  shown  are  of  the  correct 
orders  of  magnitude,  but  are  for  illustrative 
^  purposes  only.  Presently,  the  difference  in 

—  rates  of  the  local  mean  standards  is  considerably 
less,  so  that  the  importance  of  the  gravitational 
shift  is  relatively  greater. 
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We  wish  to  report  on  the  observa¬ 
tion  of  microwave  light  modulation  at  the 
ground-state  hyperfine  structure  (hfs) 
frequency  of  Rb®7  since  our  experiment  can 
be  regarded  as  an  outgrowth  of  the  Zeeman 
light-modulation  experiments  which  were 
first  performed  by  Bell  -and  Bloom1  follow¬ 
ing  a  technique  proposed  by  Dehmelt,2  we 
would  like  to  first  give  a  short  review  of 
their  experiment.  The  apparatus  for  the 
Bell  and  Bloom  experiment  is  shown  sche¬ 
matically  in  Fig.  1.  Here,  two  light 
beams  circularly  polarized  in  the  same 
sense  are  used.  The  first  beam,  which 
propagates  along  the  direction  of  the 
static  magnetic  field  in  the  z-direction, 
optically  pumps  the  vapor  in  the  reso¬ 
nance  cell.  The  second  beam,  which  is 
perpendicular  to  the  first  beam,  is  the 
one  that  is  intensity  modulated.  The 
vapor  in  the  resonance  cell,  upon  being 
pumped,  becomes  oriented  and  acquires  a 
static  longitudinal  macroscopic  magneti¬ 
zation  (M2)  along  the  z-direction.  Mag¬ 
netic  resonance  may  then  be  induced  by 
applying  an  rf  magnetic  field  Hi  perpen¬ 
dicular  to  the  z-direction  at  a  frequency 
wf,  which  is  close  to  the  Larmor  frequen¬ 
cy.  Then  the  total  magnetization  of  the 
vapor  is  no  longer  longitudinal  but  ac¬ 
quires  a  transverse  component,  <MA),  ro¬ 
tating  at  frequency,  u)f.  The  absorption 
of  the  second  beam  depends  on 

<MX>  =  <M) ♦ s  ,  (1) 

where  s  is  the  average  spin  of  the  pho¬ 
tons.  Since  (Hj.)  rotates  about  HQ  at  u)f, 
<MX>  will  oscillate  at  wj  and  the  trans¬ 
mitted  light  from  the  second  beam  will  be 
intensity  modulated  at  frequency  wf.  The 
modulation  frequency  Wf,  which  is  close 
to  the  Larmor  frequency,  is  dependent  up¬ 
on  the  magnitude  of  H0;  hence,  this  is 
called  the  Zeeman  light  modulation  and  is 
the  basis  of  optically  pumped  magnetome¬ 
ters.3  Light  modulation  at  frequencies 
corresponding  to  the  ground-state  hfs 
splittings  was  first  observed  k39  by 
Fir ester  and  Carver.4  The  frequency  of 
modulation  was  462  MHz,  in  the  UHF  region. 
There  was  some  controversy  over  the  exist¬ 
ence  of  microwave  light  modulation  at  the 
much  higher  hfs  frequencies  of  Rb  and  Cs. 
However,  last  year  we  were  able  to  observe 
light  modulation  at  the  6.835  GHz  hfs 
frequency  of  Rb87 .6 

To  demonstrate  the  mechanism  for 
hfs  light  modulation  in  Rb87 ,  let  us  first 
consider  the  ground-state  level  structure 


of  the  two  isotopes  of  rubidium  as  shown 
/in  Fig.  2.  Rb87  has  two  Zeeman  multi- 
plets  of  total  angular  momentum  F=2  and 
F=1  due  to  coupling  of  the  atomic  spin 
J=  1/2  to  the  nuclear  spin  1  =  3/2.  The 
frequency  separation  of  the  two  hfs 
levels  of  Rb87  is  6.835  GHz.  Rb85  has  a 
similar  pair  of  hfs  levels  corresponding 
to  total  angular  momentum  F=3  and  F=2 
due  to  the  nuclear  spin  of  1=5/2.  The 
frequency  separation  of  the  two  hfs 
levels  of  Rb85  is  3.035  GHz.  Figure  3 
shows  the  Efe  absorption  line  of  Rb87  for 
the  (52Sl/s  -•  52P3/3)  transition  and  the 
profile  of  the  7800-A  line  of  the  Rb85 
resonance  lamp.  Here,  the  excited-state 
hyperfine  intervals  are  not  well  re¬ 
solved,  and  the  line  of  each  isotope  con¬ 
sists  of  two  hyperfine  components.  It  is 
seen  that  the  F=3  component  of  Rb06  light 
overlaps  the  F=2  component  of  Rb87  ab¬ 
sorption.  Hence,  RbSs  light  will  pump 
only  the  F=2  component  of  the  Rb87  atoms. 

Consider  a  resonance  cell  contain¬ 
ing  a  vapor  of  Rb87  atoms  placed  in  a 
microwave  cavity  tuned  to  resonate  at  the 
hfs  frequency  wm,  as  shown  in  Fig.  4.  A 
small  static  magnetic  field  defines  the 
z-axis.  If  a  beam  of  RbBe  IX,  light  were 
incident  on  the  vapor,  the  Rb87  atoms 
would  be  pumped  into  the  F=1  hfs  level  of 
the  ground  state.  The  microwave  field  in 
the  cavity  will  couple  the  | F=l,  mp  =  0> 
and  | F=2,  mF  =  0)  states.  Figure  5  shows 
this  situation  in  a  simple  vector  model 
for  an  individual  atom.  Initially  the 
atom  is  in  the  |f=1,  mp  =  0>  state.  The 
total  angular  momentum  vector  f1  is  per¬ 
pendicular  to  the  z-axis,  as  are  the 
nuclear  spin  vector  I  and  the  electronic 
spin  vector  3.  Since  in  this  state  there 
is  no  longitudinal  component  of  J,  there 
is  no  longitudinal  component  of  magnetic 
moment,  <M||).  When  the  microwave  field 
Hj  is  applied,  the  atom  will  be^in  a 
superposition  of  states;  I  and  J  will 
tend  to  separate, „and  because  of  the 
coupling  between  I  and  J,  they  will  pre- 
cess  about  T  at  the  0-0  hfs  frequency. 

The  vector  J  will  now  have  a  longitudinal 
component;  which,  because  of  the  preces¬ 
sion  of  J,  will  be  oscillati.  ,g  at  the  hfs 
frequency;  consequently,  there  will  be  a 
longitudinal  component  of  the  magnetic 
moment  oscillating  at  the  0-0  hfs.  The 
micrpwave  field  will  continue  to  separate 
the  I  and  J  vectors  until  they  are  once 
again  collinear  in  the  state  |F=2,mp  =  0\ 


at  which^time  the  longitudinal  magnetic 
moment  (M||V  will  again  be  zero.  Hence, 
with  the-  microwave  fields  on,  the  atoms 
in  the  vapor  will  go  back  and  forth  be¬ 
tween  the  two  states  |  F=l,  mp  =  0)  and 
| F=2,  mp  =  0) .  Upon  averaging  over  the 
magnetic  moments  of  all  the  atoms,  there 
will  be  a  net  macroscopic  longitudinal 
magnetization  (Mu)  in  the  vapor  which  is 
oscillating  at  the  hfs  frequency.  There 
will  be  no  net  transverse  magnetization 
because  the  atoms  are  randomly  oriented 
in  the  transverse  plane.  The  absorption 
of  a  light  beam  propagating  along  the 
z-direction  will  be  proportional  to 

<M||>  =  <M>  -s  ,  (2) 

where  s  is,  the  average  photon  spin. 

From  (2)  wte  see  that  the  light  beam  must 
have  some  degree  of  circular  polarization 
in  order  to  be  intensity  modulated. 

To  make  quantitative  calculations 
of  the  properties  of  a  vapor  with  hfs 
coherence,  one  must  describe  the  process 
of  modulation  in  more  general  terms.  It 
is  possible  to  define8  for  the  vapor  a 
susceptibility  <x)  which  oscillates  at 
the  0-0  hfs  frequency.  This  rapidly 
varying  susceptibility  will  cause  the 
optically  pumped  Rb87  vapor  to  behave  as 
a  parametric  medium.  A  light  wave  of 
frequency  u)  propagating  in  this  medium 
can  be  coupled  to  waves  of  frequencies 
w  +'JJm  and  u)  -  a)m.  Similarly,  a  wave  of 
frequency  («+tum  will  couple  to  waves  of 
frequencies  u)  +  2i)m  and  w.  The  frequency 
dependence  of  the  up-coupling  and  the 
down-coupling  susceptibilities  are  shown 
in  Fig.  6.  The  up-coupling  susceptibili¬ 
ty  X+((U)  attains  its  maximum  value  in  the 
neighborhood  of  the  F=2  component  of  the 
atomic  absorption  line.  The  down-cou¬ 
pling  susceptibility  x_(w);  is  small  for 
such  frequencies  but  attains  a  maximum 
value  for  frequencies  in  the  neighborhood 
of  the  F=1  component  of  the  atomic  ab¬ 
sorption.  The  up-coupling  polarizability 
is  small  for  the  latter  frequencies. 
Furthermore,  it  may  be  shown  that  for  a 
linearly  polarized  carrier  wave,  the 
sideband  waves  are  polarized  at  right 
angles  to  the  carrier  wave.  Therefore, 
in  order  to  observe  intensity  modulation 
of  the  carrier  wave  by  photoelectric  mix¬ 
ing  at  the  photocathode  of  the  detector, 
a  circularly  polarized  carrier  wave  must 
be  used. 

A  schematic  diagram  of  the  appara¬ 
tus  used  to  detect  this  modulation  is 
show  in  Fig.  7.  A  glass  absorption  cell 
containing  Rb87  and  about  10  Torr  of  neon 
buffer  gas,  was  placed  in  a  cylindrical 
microwave  cavity,  tuned  to  resonate  at 
6.835  GHz  in  the  TEqh  mode.  The  cell 
was  about  4  cm  long  and  the  cell  tempera¬ 
ture  was  maintained  at  45° C.  A  beam  of 


Rb85  resonance  radiation  from  a  Varian 
spectral  lamp  passed  through  the  vapor 
and  pumped  the  Rb87  atoms  into  the  lower 
hfs  level.  A  small,  static  magnetic 
field  was  placed  along  the  axis  of  the 
cavity  to  establish  the  z-axis  of  the 
coordinates.  The  F=2,  m=0  and  the  F=l, 
m=0  sublevels  of  the  Rb87  ground  state 
were  coupled  by  the  microwave  field  of 
the  cavity.  The  microwaves  were  gener¬ 
ated  by  harmonic  multiplication  of  the 
999, 225-Hz  signal  from  a  crystal-con¬ 
trolled  oscillator.  By  varying  the 
oscillator  frequency,  we  could  sweep  the 
microwaves  through  the  hfs  resonance. 

The  transmitted  light  beam  from  the 
cavity  was  passed  through  a  circular 
analyzer  and  a  D-line  filter.  The  light 
intensity  was  detected  by  a  crossed- 
field  photomultiplier  tube.7  The  6.835- 
GHz  signal  from  the  photomultiplier  tube 
was  mixed  with  a  6.805-GHz  signal  from  a 
local  oscillator.  The  30-MHz  difference 
frequency  was  amplified  and  mixed  with  a 
30-MHz  reference  signal  obtained  by  mix¬ 
ing  the  local  oscillator  with  the  cavity 
excitation.  The  dc  output  from  the  30- 
MHz  mixer  could  be  observed  directly  on  a 
millivoltmeter.,  A  typical  modulation 
signal  of  7800-A  light  is  shown  in 
Fig.  8,  which  is  the  recorded  output  of 
the  30-MHz  balanced  mixer  when  the  micro- 
waves  were  swept  through  the  hfs  reso¬ 
nance.  The  top  trace  is  the  signal  with 
the  circular  analyzer  in  place,  while  in 
the  lower  trace,  the  circular  analyzer  is 
removed.  We  see  that  only  circularly 
polarized  light  is  intensity  modulated. 
The  bandwidth  of  the  detection  system  was 
about  1  Hz,  and  the  modulation  index  was 
measured  to  be  between  10"°  and  10"  . 
Similar  signals  could  also  be  observed 
with  7947-A  Di  light  and  isotope-filtered 
Rb07  light. 

The  photomultiplier  tube  was  very 
graciously  loaned  to  us  by  N.  Wittwer  of 
the  Bell  Telephone  Laboratories,  without 
this  tube  we  could  not  have  observed 
light  modulation  of  such  a  high  fre¬ 
quency.  Figure  9  shows  the  arrangement 
of  the  photocathode  and  dynodes  of  the 
tube.  This  is  a  crossed-field  device  in 
which  the  electric  field  is  maintained  by 
a  potential  difference  between  the 
dynodes  and  a  conducting  bar  which  runs 
nearly  parallel  to  the  dynodes.  The 
magnetic  field  is  applied  externally  and 
is  perpendicular  to  the  electric  field. 
The  photoelectrons  leaving  the  photo¬ 
cathode  follow  a  curved  path  to  the  first 
dynode  where  they  excite  secondary  elec¬ 
trons  which  in  turn  follow  a  curved  path 
to  the  next  dynode.  The  electrons, 
therefore,  go  from  the  photocathode  to 
the  anode  in  a  trochoidal  path,  and 
multiplication  takes  place  at  each 
dynode.  The  trochoidal  traversed  by  an 


individual  electron  in  going  from  one 
dynode  to  the  next  is  essentially  con¬ 
gruent  to  the  paths  of  all  the  other 
electrons  between  the  same  pair  of 
dynodes.  This  quality  eliminates  trans¬ 
it-time  spread  and  gives  this  tube  its 
large  bandwidth  capabilities.  The  photo¬ 
cathode  has  a  quantum  efficiency  of  about 
10-'1 ,  and  the  active  area  is  about  0.1 
cm3 ,  as  it  is  the  image  of  the  slot  mask¬ 
ing  the  anode.  The  anode  is  just  the 
center  conductor  of  a  50-0  coaxial  cable 
going  to  the  output  connector  of  the  tube, 
which  has  a  current  gain  on  the  order  of 
50  dB  and  a  bandwidth  of  about  10  GHz. 

Aside  from  its  intrinsic  interest, 
hfs  modulation  has  several  potential 
applications.  One  of  the  first  suggested 
uses®  for  hfs  modulation  is  to  monitor 
cavity  pulling  and  light  shifts  in  the 
Rb87  maser.  The  Rb87  maser  is  optically 
pumped  with  Rb87  resonance  light  which 
has  been  filtered  with  a  Rb85  filter. 

The  filtered  Rb87  light  will  have  only  t 
the  F=1  hfs  component  and  achieves  popu¬ 
lation  inversion  by  pumping  Rb87  atoms 
into  the  F=2  level.  The  maser  field  will 
produce  hfs  coherence  in  the  Rb87  vapor; 
hence  the  transmitted  pumping  light  will 
be  intensity  modulated.  Both  cavity 
pulling  and  light  shifts  result  in  the 
displacement  of  the  oscillation  frequen¬ 
cy  of  the  maser  from  the  unperturbed  hfs 
transition  frequency. 

Cavity  pulling  is  due  to  the  shift 
of  the  cavity  resonance  frequency  from 
the  atomic  resonance  frequency  as  a  re¬ 
sult  of  thermal  expansion  of  the  cavity. 
Light  shifts  are  due  to  a  shift  in  the 
atomic  resonance  frequency  as  a  result 
of  the  interaction  of  the  atoms  with  the 
pumping  light.  When  the  center  of  the 
atomic  resonance  coincides  with  the  maser 
cavity  resonance  and  when  there  are  no 
light  shifts,  the  modulation  of  the  pump¬ 
ing  light  is  90°  out  of  phase  with  the 
microwave  fields  in  the  cavity.  Detuning 
of  the  center  of  the  cavity  resonance 
from  the  center  of  the  atomic  resonance 
results  in  a  deviation  from  this  90° - 
phase  relationship  between  the  modulation 
and  the  cavity  field.  Although  one  can¬ 
not  discern  whether  a  phase  deviation  in 
the  hfs  modulation  is  due  to  cavity  pull¬ 
ing  or  light  shifts,  cavity  pulling  is 
ordinarily  a  larger  source  of  instabili¬ 
ty.  Hence  a  servo-system  to  compensate 
for  the  thermal  drifts  in  cavity  tuning 
may  be  based  on  locking  the  phase  of  the 
hfs  modulation  of  the  pumping  light  at  a 
value  differing  by  905  from  the  phase  of 
the  microwave  fields  in  the  maser  cavity. 


A  more  interesting  potential  use 
for  hfs  modulation  is  perhaps  the  possi¬ 
ble  construction  of  self-oscillating  spin 
generators  on  the  field-independent  0-0 
hfs  transition.  A  schematic  representa¬ 
tion  of  such  a  spin  generator  is  shown  in 
Fig.  10.  The  intensity -modulated  light 
emerging  from  the  cavity  is  detected  by 
the  photomultiplier  tube,  and  the  output 
signal  at  the  hfs  frequency  is  ampli¬ 
fied,  phase  shifted  by  90° ,  and  then  fed 
back  to  the  cavity.  When  the  sum  of  the 
phase  shifts  is  zero  around  the  closed 
loop  and  the  closed  loop  gain  is  equal  to 
unity,  the  system  will  oscillate  sponta¬ 
neously.  Such  a  system  is  analogous  to  a 
maser3  in  that  the  atomic  spin  system 
provides  self-sustained  oscillations  at 
its  own  resonance  frequency  although  the 
gain  is  provided  by  an  external  amplifier. 
The  stability  of  such  a  spin  generator 
should  be  comparable  to  that  of  the  maser. 
A  Rb87  spin  generator  would  have  no  obvi¬ 
ous  advantages  over  the  Rb87  maser;  how¬ 
ever,  a  Cs1’3  spin  generator  would  per¬ 
haps  be  desirable,  since  it  does  not 
appear  possible  to  construct  a  Cs133 
maser  at  this  time.  Figure  11  shows  the 
level  structure  of  Cs13  ,  which  has  a 
nuclear  spin  I =  7/2  and  a  ground-state 
hfs  separation  of  9.192  GHz.  Optical 
pumpipg  may  be  accomplished  by  using  the 
3888-A  emission  line  of  He,  which  over¬ 
laps  the  F=4  component  of  the  third 
resonance  line  of  Cs133 .  This  He  emis¬ 
sion  line  would  pump  the  Cs13  atoms  into 
the  F=3  ground-state  sublevel,  but  this 
is  the  wrong  level  for  population  inver¬ 
sion  and  would  not  produce  maser  action. 
However,  it  is  possible3 to  obtain  modu¬ 
lated  light  at  the  Cs133  hfs  frequency  by 
the  technique  which  we  have  already 
described. 

Another  potential  use  for  hfs 
modulation  is  one  suggested  by  Carver3 
for  the  construction  of  a  wideband  magne¬ 
tometers.  Such  a  device  would  be  a  spin 
generator  oscillating  on  a  magnetic 
field-dependent  transition.  In  the  case 
of  Rb87 ,  for  example,  the  F=l,  mF  =  1  to 
F=2,  mp  =  1  transition  could  be  used. 

In  such  an  oscillator,  the  frequency  of 
oscillation  would  change  proportionally 
to  a  change  in  magnetic  field.  The 
device  would  be  wideband  in  a  relative 
sense,  i.e.,  one  can  measure  iarge  field 
variations  and  stay  within  the  bandwidth 
of  the  microwave  cavity. 

In  order  to  construct  a  spin 
generator  or  to  study  the  parametric 
generation  of  sidebands  in  a  vapor  of 
optically  pumped  atoms  with  hfs  coherency 


one  would  need  a  larger  index  of  modula¬ 
tion  than  that  which  we  obtained  in  our 
previous  experiment.  Larger  indices  of 
modulation  may  be  obtained  by  passing 
light  through  longer  lengths  of  optical¬ 
ly  pumped  vapor.  A  calculation  of  the 
conversion  efficiency  of  power  in  the 
carrier  wave  into  power  in  the  sideband 
waves  has  been  made  for  Rb87  vapor.  In 
this  calculation  we  have  made  the  assump¬ 
tion  that  only  two  sidebands  of  frequen¬ 
cies  u>±u)rn  are  coupled  with  the  carrier 
wave  of  frequency  w0.  The  results  of 
this  calculation  are  shown  in  Fig.  12, 
where  we  have  plotted  the  conversion 
efficiency  of  power  from  a  monochromatic 
carrier  wave  into  the  strong  sideband. 

We  have  plotted  this  for  carrier  waves  of 
several  frequencies  in  the  vicinity  of 
the  F=4  component  of  the  Dj  line  of  Rb05 . 
We  see  that  sizable  conversion  efficien¬ 
cies  are  obtainable  for  reasonable 
lengths  of  vapor.  However,  light  from  a 
resonance  lamp  is  not  a  monochromatic 
wave  but  is  of  quite  broad  spectral  pro¬ 
file.  Based  on  the  results  of  Fig.  12, 
Fig.  13  shows  now  the  spectral  profile 
of  the  Di  line  of  Rb86  light  is  modified 
in  passing  through  a  40  cm  length  of 
pumped  Rb87  vapor  with  0-0  hfs  coherence. 
We  have  neglected  the  weak  sideband  since 
it  is  small  compared  with  the  strong  side¬ 
band.  We  can  see  that  near  the  center  of 
the  strong  sideband,  the  power  conversion 
efficiency  is  5-6%.  This  suggests  that 
the  sideband  may  be  observed  directly 
with  a  high-resolution  optical  spectrom¬ 
eter  such  as  a  Fabrey-Perot  interferom¬ 
eter  . 

It  must  be  mentioned  here  that  all 
the  calculations  on  the  conversipn  effi¬ 
ciencies  of  the  sidebands  were  made 
assuming  good  phase  matching  between  the 
carrier  wave  and  the  oscillating  suscep¬ 
tibility  of  the  vapor.  The  most  effi¬ 
cient  coupling  of  a  carrier  wave  to  the 
strong  sideband  light  wave  occurs  when 
the  difference  between  the  propagation 
constants  of  the  two  light  waves  in  the 
vapor  is  equal  to  the  propagation  con¬ 
stant  of  the  microwaves  in  the  cavity. 
This  latter  condition  may  be  stated  as 

k'  =  K  +  k  , 

where  K  is  the  microwave  propagation 
constant  in  the  cavity,  k'  is  the  propa¬ 
gation  constant  of  the  optical  sideband 
in  the  vapor,  and  k  is  the  propagation 
constant  of  the  carrier  in  the  vapor. 


In  order  to  obtain  modulated 
light  with  a  large  index  of  modulation, 
we  have  constructed  a  long  microwave 
cavity  to  hold  a  long  («40  cm)  resonance 
cell.  The  cavity,  cell,  and  resonance 
lamp  are  shown  in  Fig.  14.  The  cavity 
is  made  from  a  stack  of  metal  plates  with 
holes  cut  in  the  middle.  The  spacing  be¬ 
tween  the  plates  is  made  small  enough  to 
prevent  the  transverse  electric  waves 
from  propagating  out  of  the  cavity. 

Since  this  cavity  permits  only  azimuthal 
currents,  only  TEomn  modes  will  be  con¬ 
tained  in  the  cavity.  The  reason  for 
this  peculiar  cavity  design  is  to  allow 
the  pumping  light  to  enter  the  cavity 
from  the  sides  to  provide  uniform  pump¬ 
ing  along  the  length  of  the  cell.  This 
cayity  has  an  unloaded  Q  on  the  order  of 

104 .  In  order  to  achieve  phase-matching 
conditions,  the  wavelength  of  the  stand¬ 
ing  wave  in  the  cavity  must  be  shortened 
to  make  it  nearly  equal  to  the  free-space 
wavelength  of  the  microwaves.  This  is 
accomplished  by  dielectric  loading  of  the 
cavity  with  the  heavy  quartz  walls  of  the 
resonance  cell.  By  carefully  choosing 
the  wall  thickness  and  the  diameter  of 
the  quartz  tube  used  for  the  cell,  the 
proper  phase-matching  conditions  may  be 
achieved. 

In  summary,  large  indices  of 
modulation  of  light  at  hfs  transition 
frequencies  may  be  obtained  by  using 
long  lengths  of  optically  pumped  atomic 
vapor  provided  that  phase-matching  con¬ 
ditions  are  rigorously  met.  Efficient 
generation  of  sidebands  makes  it  possible 
to  study  parametric  frequency  conversion 
at  optical  frequencies  spectroscopically 
and  to  facilitate  the  construction  of 
microwave  spin  generators. 
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Fig.  I  Crossed  besm  apparatus  for  the  detection  of  Zeeman  light 
modulation. 
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Tig.  2  Ground  state  level  etructure  of  Rb87  end  Rb85. 
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Rb87  atom  undergoing  the  0-0  hf*  transition 


Fig.  t>  Frequency  dependence  wf  tne  gp-coupling  and  the  dj*n-c  >uplin  j 
susceptibilities . 
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Fig.  7  Experimental  apparatus  for  observing  hfs  modulation  in  Rb 
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Pig.  10  Schematic  representation  of  a  Rb87  spin  generator. 
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pig.  11  Level  structure  of  Cs133  . 
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Pig.  8  Modulation  signal  for  tho  D,  line  of  Ro®3  light,*)  with  circular 
analyser  in  place, b)  With  circular  analyser  removed. 
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Fig.  9  Electrode  configuration  of  the  rrossed-field  photomultiplier 
tube  (after  Miller  and  Wittvern. 


Fig.  12  Plot  of  the  conversion  efficiency  of  power  from  the  carrier 
wave  into  power  in  the  strong  *ide»band  vs.  cell  length  for 
an  initially  monochromatic  carrier  wave.  The  numbers  beside 
the  curves  are  the  frequency  displacements  of  the  carrier 
waves  from  the  center  of  gravity  of  the  Rb  Dj  absorption  line. 
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Fig,  13  Representation  of  the  spectral  profile  of  the  Rb8*  Dj  line 

before  and  after  passing  through  a  4Ccw.  length  of  Rb87  vapor. 


Fig.  14  Drawing  of  the  long  cavity,  resonance  cell,  and  resonance  lamp 
to  be  used  to  obtain  enhanced  modulation  indices. 
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An  optically  pumped  Rb  maser 
frequency  standard  with  good  short-term 
characteristics  is  under  construction. 
This  frequency  standard  will  operate  in 
the  ground  state  of  Rb88  at  3035.7345 
Mhz.  The  maser  v/ill  be  small  in  size, 
have  both  a  high  power  output  and  a  high 
short-term  frequency  stability.  The  Rb88 
maser  oscillator  frequency  standard  will 
operate  between  the  52Si/2,F=3  and 
52Si/2,F=2  ground-state  hyperfine  transi¬ 
tion.  In  the  Rb85  maser,  intensity  pump¬ 
ing  is  possible  because  of  the  accidental 
isotope  coincidence  in  the  spectra  of 
Rb88and  Rb87.  The  Rb85  resonance  radia¬ 
tion,  containing  both  the  52S^/2,F=3— 

52P  and  52Si/2,F=2  —  52P  resonance  lines, 
is  passed  through  a  filter  cell  filled 
with  RbP7  and  70  Torr  of  helium.  With 
sufficient  buffer-gas  pressure  broadening 
and  shifting,  the  82S]y2> 18=2  Rl87  absorp¬ 
tion  line  can  be  made  to  absorb  the  un¬ 
wanted  Rb85  52Si/2,F=3  emission  line  nor¬ 
mally  present  in  the  resonance  lamp  al¬ 
most  completely.  Since  the  filtered 
resonance  radiation  contains  only  the 
52Si/2,F=2  —  52P  resonance  line,  it 
causes  an  overpopulation  in  the 
52Si/2,F=3  level  in  the  ensemble  of  Rb85 
atoms;  In  the  steady  state,  assuming 
that  the  52Sw2,F=2  Rb85  level  is  com¬ 
pletely  depopulated,  each  52Sjy2,F=3  mag¬ 
netic  substate  has  a  population  density 
of  1/7.  When  such  an  ensemble  of  atoms 
is  placed  in  a  cavity  tuned  to  the  hyper¬ 
fine  transition  frequency,  coherent 
microwave  emission  takes  place.  If  this 
microwave  emission  exceeds  cavity  losses, 
oscillation  occurs.  It  is  expected  that 
a  power  output  of  10"10  watts  should  be 
obtained.  For  averaging  times  ranging 
between  1  and  10"2  seconds  the  maser 
should  be  stable  to  a  few  parts  in  lO^-2. 
The  Rb88  maser  will  be  limited  in  its 
long  term  stability  by  cavity  pulling, 
frequency  shift  due  to  buffer  gas,  chemi¬ 
cal  changes  in  the  cavity  environment  due 
to  outgassing  and  changes  in  the  pumping 
lamp  profile.  However,  several  schemes 
have  been  proposed  to  solve  these  prob¬ 
lems  . 1 


Detailed  studies  of  the  filtering 
of  Rb85  light  by  Rb87  vapor  buffered  with 
helium  were  made  first  on  a  3.4  meter 
Ebert  scanning  spectrometer  and  later  on 
a  high  finesse,  2 -inch  piezoelectrically 
scanned  Fabry-Perot  interferometer . 6  The 
Rb87  —  Rb88  hyperfine  lines  at  7800A  as 
well'  as  the  pumping  scheme  are  shown 
schematically  in  Figure  1.  Figure  2 
shows  the  ratio  of  the  wanted  line  to  the 
unwanted  line  as  a  function  of  tempera¬ 
ture  for  low  Helium  buffer  gas  pressures. 
It  is  evident  that  at  these  low-pressures 
the  pumping  scheme  is  relatively  ineffi¬ 
cient  although  the  filter  cell  tempera¬ 
ture  is  quite  low.  Figure  3  is  a  similar 
plot  of  data  for  a  filter  cell  filled 
with  Helium  at  76  Torr.  Figure  4  shows 
the  actual  profile  of  the  filtered  and 
unfiltered  light  at  77°C  with  66  Torr  of 
Helium.  Here  the  unwanted  F=3  Rb85  hyper¬ 
fine  line  disappears  while  the  desired 
pumping  F=2  hyperfine  line  is  attenuated 
by  65%.  The  Rb85  and  nitrogen  buffer  gas 
are  contained  in  a  TEo2l-ro°de  copper - 
plated  stainless-steel  cavity.  The  un¬ 
loaded  cavity  Q  is  about  85,000.  The 
nitrogen  buffer  gas  reduced  the  collision 
frequency  of  the  aligned  Rb88  atom  with 
the  cavity  walls,  and  quenches  reradia¬ 
tion  from  the  upper  P  states. 

Salient  features  of  the  cavity  are 
shown  in  Figure  5.  It  is  coupled  to  the 
outside  world;  by  a  magnetic  loop  which 
excites  the  field  pattern  shown  in  Figure 
6.  The  loop  is  rotated- before  evacuation 
to  provide  the  desired  coupling.  Tuning 
is  accomplished  by  a  copper  stub  which  is 
moved  in  and  out  by  a  stainless  steel  bel¬ 
lows.  Pumping  light  is  admitted  through 
two  windows;  each  having  a  stainless  steel 
housekeeper  seal. 

An  evacuated  glass  cylinder  is 
placed  between  each  perforated  end  plate 
and  window  to  prevent  absorption  of  the 
pumping  light  by  Rb  vapor,  which  would 
be  there  in  the  absence  of  the  cell. 

The  cavity  is  pumped  out  through  a  side 
arm  on  one  of  the  windows.  A  conventional 


vacuum  system  is  used  to  achieve  pres-  study  light  modulation  in  the  ground 

sures  of  the  order  of  10~°  Torr  in  the  state;  frequency  shifts  due  to  pumping 

cavity.  When  the  cavity  is  closed  to  light,  buffer  gas,  and  cavity  pulling; 

the  vacuum  station,  the  Rb  metal  reacts  and  finally,  the  quenching  mechanism  in 

with  residual  gases  in  the  cavity  and  the  Rb8^  system.  The  Rb8*  maser  fre- 

reduces  the  pressure  to  less  than  10“9  quency  standard  can  also  be  used  to 

Torr.  study  the  processes  causing  frequency 

instability  in  the  Rb87  maser  oscillator 
The  Rb85  maser  oscillator  fre-  frequency  standard, 

quency  standard  is  useful  as  a  tool  to 
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Sunwary 

The  Model  5065A  Rubidium  Frequency  Standard 
was  introduced  by  the  Hewlett-Packard  Company 
about  one  year  ago.  Data  now  exists  to  charac¬ 
terize  the  performance  of  the  standard  in  regard 
to  long-term  stability  (>1  week),  short-term  sta¬ 
bility  {<1  hour)  and  environmental  stability. 

The  long-term  stability  of  rubidium  stan¬ 
dards  has  been  the  subject  of  several  studies  In 
recent  years.1*2  The  long-term  specification 
for  the  5065A  is  ±2  x  10' 11 /month;  but,  due  to 
the  many  processes  that  can  occur  in  the  atomic 
resonator,  different  aging  rates  are  observed  for 
each  instrument. 

The  short-term  stability  of  the  standard  for 
averaging  times  long  compared  to  the  servo  time 
constant  is  determined  by  the  signal-to-noise 
ratio  of  the  atomic  resonator  and  the  frequency 
multiplier  chain.  The  standard  achieves  a  closed 
loop  stability  of  3.6  x  10** 2  rms  for  1  second 
averaging.  Typical  standards  have  a  flicker 
level  of  =3.6  x  10'1J  for  averaging  times  longer 
than  100  seconds. 

To  utilize  the  intrinsic  stability  of  a  frer 
quency  standard  In  an  applications  situation, 
the  standard  must  be  reasonably  insensitive  to 
environmental  changes.  Rubidium  standards  are 
perturbed  by  changes  in .temperature,  magnetic 
field  and  vibration.  Effort  was  made  to  minimize 
the  effect  of  each  of  these  environmental  effects 
on  the  standard. 

The  calibration  of  the  standard  and  time 
scale  changes  are  facilitated  by  a  variable  fre¬ 
quency  synthesizer  and  a  linearized  magnetic 
field  control.  This  feature  enables  the  user  to 
make  time  scale  changes  without  reference  to  an¬ 
other  standard  with  an  error  of  less  than  3.5  x 
10'“. 

Frequency  Stability 
Long-Term  Stability 

The  long-term  stability  of  the  rubidium 
vapor  resonator  is  mainly  determined  by  the  sta¬ 
bility  of  the  rubidium  spectral  lamp  and  chemi¬ 
cal  processes  within  the  absorption  cell.  Since 
these  may  be  aiding  or  opposing  effects,  the  net 
result  for  the  Independent  processes  may  produce 
positive,  negative  or  zero  frequency  change  with 
time. 


Figure  1  shows  a  long-term  stability  plot  of 
two  5065A  Rubidium  Standards  referenced  to  the 
Hewlett-Packard  house  cesium  standard.  The  refer¬ 
ence  was  within  1  x  10' 12  with  respect  to  the 
National  Bureau  of  Standards  and  the  U.S.  Naval 
Observatory  from  November  1967  to  April  1969. 

5065A  #1  exhibited  a  frequency  drift  of  -6  x 
10“12/month  from  3  November  1967  to  20  February 
1968.  There  was  a  magnetic  field  correction  of  +7 
x  10'12  on  20  February  1968.  A  change  of  slope 
was  observed  in  early  March  to  a  rate  of  about 
-3.3  x  10_l27month.  This  slope;  conti nued  .tb  early 
June  1968.  The  aging  rate_changed  again  in  early 
June  to  a  slope  of  <2  x  10",2/month.  The  discon¬ 
tinuity  in  August  1968  was  due  to  adjustment  of 
the  magnetic  field  to  correct  the  5065A  frequency 
to  agree  with  the  reference  standard.  Following 
the  frequency  adjustment,  the  slope  remained  at  a 
value  of  <2  x  10  ,2/month  through  February  1969. 

5065A  #2  exhibited  a  frequency  drift  of  -5  x 
10'12/month  from  10  July  1968,  to  20  September 
1968.  In  September  the  frequency  stabilized  with 
daily  variations  about  a  constant  offset  of  -1  x 
10“ 12  with  respect  to  the  reference  standard.  The 
standard  began  to  exhibit  a  positive  aging  rate  in 
late  February. _  The  offset  at  the  end  of  the  rec¬ 
ord  Is  -5  x  10'12  with  respect  to  the  reference 
standard.  The  slope  is  less  than  2  x  10'12/roonth. 

The  data  in  Figure  1  is  presented  to  indicate 
very  long-term  aging  characteristics  of  the  rubid¬ 
ium  resonator.  The  daily  variations  of  the  fre¬ 
quency  for  5065A  #1  are  much  larger  than  the  vari¬ 
ations  of  the  frequency  of  Instrument  #2.  This 
can  probably  be  attributed  to  the  prototype  elec¬ 
tronics  in  #1  and  need  not  concern  us  here.  This 
instrument  is  in  the  Hewlett-Packard  Standards 
Laboratory  and  has  been  in  operation  since  Septem¬ 
ber  1967. 

Chi  et.  al.  have  reported  a  systematic  drift 
rate  of  6  to  7  x  lO'^/day  for  three  rubidium  stan¬ 
dards.  The  frequency  of  the  standards  was  mea¬ 
sured  for  four  months.  A  linear  extrapolation  of 
the  daily  drift  rate  yields  a  rate  of  =2  x  10'12/ 
month. 

To  suirniarize,  we  should  note  that  the  long¬ 
term  stability  of  a  rubidium  standard  is  not  ade¬ 
quately  defined  by  either  a  constant  drift  rate  as 
indicated  by  the  2  x  10" 11 /month  reference  line  in 
Figure  1  or  a  statistical  measure  where  the  sta¬ 
bility  is  defined  as  an  rms  value  of  the  frequency 
measured  over  a  long  period  of  time.  The  data 
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clearly  shows  that  both  specifications  apply  to 
this  type  of  standard.  The  drift  rate  specifica¬ 
tion  gives  a  worst  case  performance  characteris¬ 
tic.  The  rms  value  of  the  frequency  variations 
over  a  given  time  Interval  is  much  more  difficult 
to  specify  without  actually  making  measurements 
over  the  time  interval. 

Short-Term  Stability 

The  stability  of  frequency  standards  which 
are  perturbed  by  various  spectral  densities  of 
noise  has  been  treated  in  detail  by  Cutler  and 
Searle  and  others. 9 »"  Allan  has  shown  that  to 
estimate  the  variance  of  the  frequency  fluctua¬ 
tions  in  an  oscillator  one  must  specify  the  aver¬ 
aging  time,  the  sample  size  and  the  time  between 
adjacent  measurements." 

Figure  2  shows  the  expected  value  of  the 
variance  of  the  frequency,\fluctuat1ons  versus 
averaging  time  for  the  5065ft  Rubidium  Standard. 

The  data  for  averaging  times  from  10""  seconds  to 
450  seconds  was  obtained  with  the  beat  frequency- 
measurement  systems  described  by  Cutler  and 
Searle.5  The  data  were  analyzed  on  an  N=2  basis 
and  corrected  for  measurement  dead  time  as  dis¬ 
cussed  by  Allan  and  Barnes."’5  The  data  at  3600 
secondf  was  taken  from  a  continuous  phase  record 
using  the  method  described  by  Allan.  Each  data 
point  represents  100  or  more  measurements  of 
sample  size  2.  The  data  points  with  the  error 
bars  were  calculated  with  a  computer  program. 

The  error  bars  represent  the  standard  deviation 
of  the  successive  frequency  differences  with  re¬ 
spect  to  the  expected  value.  The  triangular  data 
points  were  obtained  with  an  HP  5360A  Computing 
Counter.  The  counter  was  programmed, to  automati¬ 
cally  calculate  the  expected  value  of  the  fre¬ 
quency  fluctuations. 

The  5065A  has  a  quartz  oscillator  which  is 
slaved  to  the  atomic  resonator.  For  averaging 
times  small  compared  to  the  servo  time  constant 
(<100  msec),  the  frequency  fluctuations  are  deter¬ 
mined  by  the  quartz  oscillator.  The  oscillator 
output  is  filtered  by  a  single  pole  crystal  fil¬ 
ter.  This  is  indicated  by  the  theoretical  line 
with  slope  -1/2  at  about  3  msec. 

The  change  in  slope  from  -1  (oscillator  addi¬ 
tive  phase  noise)  to  -1/2  (white  frequency  noise) 
at  about  200  msec  Indicates  the  point  at  which  the 
rubidium  resonator  begins  to  determine  the  fre¬ 
quency  fluctuations.  The  frequency  fluctuations 
vary  as  x-1+2  from  x  =  200  msec  to  x  =  100  seconds. 
The  frequency  instability  dees  not  improve  for 
averaging  times  from  100  seconds  to  3600  seconds 
indicating  the  presence  of  f"1  type  noise. 

In  sunmary,  the  rubidium  standard  achieves  a 
short-term  stability  of  =3.6  x  10"12  for  1  second 
averaging  and  reaches  a  flicker  level  of  =3.6  x 
10'15  for  averaging  times  between  100  seconds  and 
3600  seconds. 


Environmental  Stability 

The  performance  of  a  frequency  standard  in  an 
applications' situation  is  affected  by  the  existing 
environmental  conditions. 

The  effect  of  temperature  on  the  frequency  of 
the  5065A  Rubidium  Standard  is  shown  in  Figures  3a 
and  3b.  The  histograms  in  Figures  3a  and  3b  show 
the  frequency  change  observed  at  -5°C  and  +55°C 
relative  to  the  frequency  at  +25°C  for  the  first 
production  of  thirty-five  instruments.  The  data 
was  obtained  from  a  continuous  phase  recording 
using  a  5  MHz  linear  phase  comparator  and  a  strip 
chart  recorder.  In  production  tests  the  frequency 
standards  were  placed  in  a  temperature  chamber. 

The  temperature  was  held  at  -5°C  for  four  hours 
and  +55°C  for  eight  hours  with  a  two  to  three  hour 
reference  at  +25°C.  The  frequency  offset  at  +25°C 
was  subtracted  from  the  offset  at  the  temperature 
extremes.  These  residuals  are  plotted  in  the 
histograms.  The  average  frequency  offset  for  the 
sample_at  -5°C  is  -2.9  x  10"12  with  a  variance  of 
1  x  10"11.  The  average  frequency  offset  at  +55°C 
is  +3.5  x  10~12  with  a  variance  of  7  x  10"12. 

The  atomic  resonator  in  a  rubidium  standard 
is  susceptible  to  changes  in  the  ambient  magnetic 
field.  This  effect  is  typically  held  to  less  than 
6  x  10"12  for  a  1  gauss  change  in  ambient  field. 
This  limit  is  achieved  by  limiting  the  calibration 
magnetic  field  to  less  than  175  milligauss  and  by 
using  triple  magnetic  shields. 

The  5065A  has  passed  the  MIL-167  vibration 

test. 

Synthesis  of  the  Atomic  Resonance  Freq. 

The  control  system  is  similar  to  the  system 
used  in  the  HP  5068A  described  by  Bagley  and 
Cutler  In  1964."  The  notable  differences  are:  1) 
the  microwave  frequency  is  6.8346,. .GHz;  and  2) 
the  synthesizer  frequency  can  be  adjusted  by  four 
thumbwheel  switches. 

The  microwave  frequency  is  synthesized  by 
multiplying  5  MHz  to  6.840  GHz  and  effectively 
subtracting  the  5.3  MHz  synthesizer  frequency  to 
produce  6.8346. . .Gh'z.  The  synthesizer  block  dia¬ 
gram  is  shown  in  Figure  4.  The  5.3  MHz  VCXO  is 
phase  locked  to  a  subharaonic  of  the  5  MHz  input 
signal.  The  subharmonic  frequency  is  adjusted  by 
thumbwheel  settings  which  control  the  preset  dig¬ 
ital  divider.  Any  frequency  within  the  control 
range  of  the  phase  lock  loop  which  satisfies  the 
relation  f  =  5(M/N)  for  N  <5000  can  be  synthesized. 

The  synthesizer  has  a  range  of  1  x  10"7  with 
incremental  steps  <2  x  10‘9.  This  combined  with  a 
magnetic  field  range  of  2  x  10"9  enables  the  user 
to  easily  make  precise  time  scale  adjustments. 
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Frequency  Adjustment 

A  rubidium  standard  requires  Initial  calibra¬ 
tion  and  may  require  periodic. frequency  adjust¬ 
ments  to  correct  for  aging.  Calibration  and  time 
scale  adjustments  are  facilitated  by  a  linearized 
magnetic  field  control  and  the  5. 3... MHz  synthe¬ 
sizer  discussed  earlier. 

A  linearity  curve  for  the  magnetic  field 
control  Is  shown  in  Figure  5.  The  frequency  re¬ 
ference  Is  chosen  to  correspond  to  a  dial  setting 
of  0.00.  The  dial  was  adjusted  in  ten  equal  steps 
from  0.00  to  10.00.  The  range  of  frequency  offset 
was  adjusted  to  be  2  x  10‘*.  The  frequency  was 
measured  at  each  dial  setting  using  the  beat  fre¬ 
quency  described  by  Cutler  and  Searle  with  an  HP 
106  as  a  reference  oscillator.’  The  data  points 
are  the  difference  between  the  measured  frequency 
and  a  calibration  factor  of  2  x  10"10  per  major 
division.  We  see  that  by  using  the  magnetic  field 
as  a  fine  tuning  frequency  adjustment,  the  fre¬ 
quency  of  the  standard  can  be  adjusted  over  a 
range  of  2  x  10"*  with  an  error  of  less  than  3.5 
x  10'u. 

We  must  emphasize  that  small  adjustments  can 
be  made  with  a  precision  of  better  than  102  of  the 
magnitude  of  the_change.  For  example,  a  frequency 
change  of  2  x  10"u  would  be  In  error  by  less  than 
2  x  10"1’. 

Conclusion 

Tne  performance  characteristics  of  the  5065A 
Standard  have  been  presented.  The  long-term  sta¬ 
bility  of  the  rubidium  standard  Is  not  a  uniquely 
defined  term  but  rather  involves  random  variations 
about  a  linear  drift.  The  drift  rates  observed 
were  from  <2  x  10"u/month  to  6  x  10*l2/month, 

The  short-term  stability  of  the  frequency  is 
more_un*quely  determined  and  was  shown  to  be  =3.6 
x  10~1J  for  averaging  times  of  1  second. _  The 
specification  for  the  standard  is  7  x  10"1J  for  1 
second  averages. 

The  environmental  stability  and  ease  of  fre¬ 
quency  adjustment  make  the  rubidium  standard  ex¬ 
tremely  useful  in  many  timekeeping  and  radar 
applications. 
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Summary 

The  performance  of.the  atomic  hydrogen  maser 
can  be  markedly  improved  by  increasing  the  fraction 
of  hydrogen  atoms  in  the  (F=l,  m=0)  state  that  enter 
the  maser's  storage  bulb.  In  the  conventional  maser 
design,  the  beam  of  atoms  entering  the  storage  bulb 
consists  principally  of  a  mixture  of  atoms  in  the  de¬ 
sired  (F=l,  m=0)  state  and  the  (F=l,  m=l)  state.  The 
latter  do  not  contribute  to  the  maser's  oscillation  but 
degrade  it  by  line-broadening;  spin-exchange  collisions 
with  the  radiating  atoms  that  orovide  the  maser's  out¬ 
put  signal.  Atoms  in  the  unwanted  state  can  be  elimi¬ 
nated  by  the  use  of  an  improved  beam  optics  design 
that  uses  two  state  selection  magnets  in  succession, 
with  a  space  between  them.  The  pair  of  magnets  is 
arranged  so  that  hydrogen  atoms  effused  from  the 
source  (within  a  limited  velocity  range  and  solid  angle) 
are  focussed  into  the  entrance  aperture  of  the  storage 
bulb.  By  inducing  a  transition  in  the  region  between 
the  two  magnets  that  reverses  the  orientation  of  each 
hydrogen  atom  with  respect  to  the  static  magnetic 
field  (l.e. ,  m-^m),  atoms  originally  in  the  (F=l,m=l) 
state  end  up  in  the  (F=l ,  m=  -1)  state  and  are  deflected 
out  of  the  beam  by  the  second  magnet. 

Calculations  of  the  performance  of  a  beam  optics 
system  show  that  it  is  possible  to  have  90  per  cent  of 
the  atoms  focussed  into  the  storage  bulb  in  the  desired 
(F=l,  m=0)  state  and  that  the  fraction  of  hydrogen 
atoms  in  this  state  effused  from  the  source  thf  t  reach 
the  storage  bulb  can  be  comparable  to  conventional 
designs.  The  best  design  we  found  was  to  have  the 
first  hexapole  magnet  long  enough  to  make  the  trajec¬ 
tories  of  atoms  with  a  typical  velocity  parallel  to  the 
axis,  and  the  second  long  enough  to  bring  these  trajec¬ 
tories  together  inside  the  magnet,  to  make  a  virtual 
source,  with  a  sufficient  length  of  magnet  remaining 
to  focus  atoms  from  this  virtual  source  to  the  aperture 
of  the  storage  bulb.  It  is  necessary  to  have  the  second 
magnet  very  long  in  order  to  eliminate  atoms  that  have 
been  transferred  into  the  (F=l ,  m=  -1)  state  by  the 
transition  between  the  state  selectiommagnets,  and 
desirable  to  have  the  first  magnet  as  short  as  possible 
to  maximize  the  useful  hydrogen  atom  flux. 

A  hydrogen  maser  with  an  eight-inch  storage 
bulb  was  modified  to  use  the  beam  optics  system  des¬ 
cribed  above.  With  no  transition  induced  between  the 
magnets,  the  maser  oscillated  better  than  it  did  before 
the  modification.  When  adiabatic  last  passage  transi¬ 
tions  were  induced,  the  power  output  typically 
increased  about  2db,  the  threshold  of  oscillation  was 
lowered,  and  the  hvdrogen  resonance  linewidth  de¬ 
creased.  By  measuring  the  relative  power  and  rela¬ 
tive  flux  as  a  function  of  linewidth  it  was  estimated  that 
the  ratio  of  useful  flux  to  total  atomic  hydrogen  flux 


into  the  storage  bulb  was  increased  20  per  cent  when 
transitions  were  induced  in  the  adiabatic  fast  passage 
transition  region  between  the  state  selection  magnets. 

The  improvement,  though  distinct,  is  smaller 
than  expected.  This  might  be  the  result  either  of  a 
partial  scrambling  of  states  in  the  beam  by  Majorana 
transitions  or  of  a  background  of  unpolarized  atoms 
that  find  their  way  into  the  storage  bulb. 

I.  Introduction 

From  the  theory  of  the  hydrogen  maser  it  is  ap¬ 
parent  that  spin  exchange  collisions  are  a  major  limi¬ 
tation  on  performance  VSpin  exchange  collisions 
decrease  theilength  of  time  an  atom  interacts  with  the 
oscillating  magnetic  field  in  the  maser's  canty,  and 
thereby  broaden  the  hydrogen  resonance  line,  increase 
the  flux  intensity  at  which  self-sustaining  oscillation 
begins,  decrease  the  power  output,  and  limit  the  extent 
to  which  the  beam  flux  can  usefully  be  increased.  In 
the  conventional  hydrogen  maser  beam  optics,  at  least 
half  of  the  hydrogen  atoms  focussed  into  the  storage 
bulb  of  the  maser  are  in  the  (F=l,  m=  1 )  state  and  do 
not  contribute  to  the  maser’s  oscillation,  but  do  under¬ 
go  spin  exchange  collisions  with  atoms  interacting  with 
the  oscillating  magnetic  field.  Elimination  of  the 
atoms  in  this  state  could  in  principle  reduce  spin  ex¬ 
change  collision  effects  by  a  factor  of  two. 

The  unwanted  state  can  be  eliminated  from  the 
beam  focussed  into  the  storage  bulb  of  a  maser  by  the 
use  of  a  beam  optics  system  consisting  of  two  hexa|)olc 
state  selection  magnets  with  a  region  in  between  them 
in  which  atoms  in  the  beam  that  are  in  the  (1, 1)  state 
undergo  a  transition  to  the  (1,-1)  state.  Atoms  in  the 
(1,0)  state  will  remain  in  that  state.  Atoms  in  the 
(1,-1)  state  are  deflected  out  of  the  beam  by  the  first 
magnet,  along  with  those  in  the  (0,0)  state.  The  second 
magnet  deflects  out  those  atoms  transferred  into  the 
0 ,  -1)  state  by  the  transition  induced  between  the  two 
magnets. 

The  transition  may  be  induced  by  passing  the 
beam  through  a  coil  in  which  there  is  a  magnetic  field 
oscillating  at  the  resonance  frequency  of  the  transition. 
The  resonance  frequency  depends  on  the  strength  of 
the  applied  magnetic  field:  f*  1.4  MHz/Gauss.  This 
Itabi  resonance  r"thod  requires  that  the  applied  mag¬ 
netic  field  be  reasonably  homogeneous  ovc.'the  coil  and 
constant  with  time,  and  that  the  velocity  distribution  in 
the  atomic  beam  be  relatively  narrow.  Such  require¬ 
ments  can  be  considerably  relaxed  if  the  method  of 
adiabatic  fast  passage  is  used.  This  method  was  first 
used  on  hydrogen  masers  by  Audoin  et  al,3and  consists 
of  applying  an  oscillating  magnetic  field  in  a  region 
where  the  applied  d.c.  magnetic  field  varies  linearly 
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with  distance  as  the  beam  of.  atoms  passes  through. 

The  magnitude  of  the  d.c.  field  and  the  frequency  of 
the  oscillating  field  are  adjusted  so  that  resonance 
occurs  in  the  middle  of  the  interaction  region.  As  we 
will  discuss  below,  the  transition  probabilities  be¬ 
tween  the  states  of  the  F=1  level  become  relatively 
independent  of  the  exact  power  level  of  the  oscillating 
field,  and  insensitive  to  small  changes  in  its  frequency. 

II.  Improvement  of  Maser  Operation 

If  quenching  due  to  magnetic  inhomogeneity  over 
the  volume  of  the  storage  bulb  of  a  hydrogen  maser 
can  be  neglected,  the  mechanisms  that  contribute  to 
the  hydrogen  resonance  line  width  are  spin  exchange 
collisions,,  escape  of  atoms  from  the  storage  bulb,  and 
loss  of  atoms  due  to  recombination  on  the  wall  of  the 
storage  bitlbi.  Experimentally,  the  last  two  terms  can¬ 
not  be  dis  tished,  and  we  lump  their  effects  on  the 
linewidth  i  ^.her.  We  have 


output.  In  addition,  reducing  the  linewidth  lowers  the 
value  of  flux  required  for  the  maser  to  oscillate  at  all 
(P>0).  Finally,  the  theoretical  limit  to  the  frequency 
stability  of  a  maser  depends  on  linewidthand  power: 

Of/  v  =  Av//2v)  (kT/Pt)  k 

where  a,  is  the  rms  deviation  in  output  frequency, 
k1  is  Boltzmann's  constant, 

T  is  the  absolute  temperature, 
t  is  the  averaging  time  interval. 

As  a  practical  matter,  however,  this  limit  is  never 
reached  because  the  instability  due  to  additive  noise  in 
the  external  circuitry  that  receives  the  maser  a  signal, 
fund  long  term  drifts  due  to  temperature  fluctuate,:, 
and' the  like,  drown  it  out. 

The  power  delivered  by  the  maser  beam  is  usual¬ 
ly  expressed  in  terms  of  a  parameter  q: 

£  Vrel  l  \  JW 

q  ‘  8nMo*Q  ?Vb  .1  • 


where  Av  is  the  hydrogen  resonance  linewidth,  Av„lin 
is  the  portion  of  the  linewidth  due  to  escape  from 
the  storage  bulb  and  recombination;  i.e. ,  the  line- 
width'Jimit  as  the  density  of  hydrogen  atoms  approaches 
zero.  Avs»  is  the  portion  of  the  linewidth  due  to  spin 
exchange  collisions  between  hydrogen  atoms  and  is  pro¬ 
portional  to  atomic  hydrogen  density  in  the  storage  bidb, 
or  to  the  total  flux  of  atoms  entering  the  storage  bulb: 

,  CTVltot  .  , 

Avs.e.  2nVbV  Av  *  Avmin 


where 


a  =  spin  exchange  collision  cross  section, 
v  *  mean  relative  velocity  between  H  atoms, 
V[j=  volume  of  the  storage  bulb, 

V  =  reciprocal  oi  mean  lifetime  of  hydrogen 
atoms  in  storage  bulb, 

I tot =  total  flux  into  the  storage  bulb. 


The  total  power  radiated  by  the  atoms  in  the 
storage  bulb  in  the  absence  of  magnetic  quenching  can 
be  expi  eased  as: 

1  T  h  Vc 

P  =  ?  hv  I  -  — ~~  Av  (2  Av  -  Av  .  ) 

2  >-  8^T1Q  min'  _ 

where  I  =  net  useful  flux, 

Vc=  volume  of  the  cavity, 

Po  =  Bohr  magneton, 

1)  =  "filling  factor"  (reference  1), 

Q  -  lo ruled  cavity  quality  factor, 
h  =  Planck's  constant, 
v  =  radiated  frequency. 


The  width  of  the  hydrogen  resonance  line  is 
found  by  measuring  the  shift  in  the  radiated  frequency 
as  the  cavity  is  detuned: 

v-v0  =  AvQ/v0 

where  v.  is  the  exact  resonance  frequency,  as  modi¬ 
fied  by  tne  wall  sldft,  second-order  Doppler  effect,  and 
magnetic  field  correction.  Avmin  c;m  1)0  obtained  by 
extrapolation  of  the  linewid' h  as  a  function  of  flux  to 
zero  flux. 


Reducing  the  linewidth  Av  while  maintaining  1 
will  obviously  result  in  a  marked  increase  in  power 


q  can  be  expressed  in  terms  of  the  linewidth  also,  mak¬ 
ing  use  of  the  expressions  given  above.  It  is  difficult  to 
measure  power  or  flux  absolutely,  but  the  value  of  1  for 
which  the  power  is  zero  can  be  found  in  terms  of  the 
linewidth  by  extrapolating  the  cur,-e  of  power  as  a  func¬ 
tion  of  linewidth  to  zero  power,  Av'.  When  P=0we 
have 


I  = 


I'Ve 

HQ 


Av' 


(2  Av '  -  Avmin) 


If  we  assume  that  the  ratio  Itot/I  is  a  constant  for  all 
flux  levels,  then 

AWAv'-Avn,in> 


Av'  (Z  Av’ 


Avmin> 


The  smaller  the  value  of  q,  the  better  the  performance 
of  the  maser.  Note  that  the  value  of  q  can  be  obtained 
experimentally  indeixmdent  of  any  knowledge  of  cavity 
Q,  coupling  coefficient,  filling  factor,  collision  cross 
section,  or  cavity  and  bulb  volume. 


To  measure  the  efioetiveness  of  using  adiabatic 
fast  passage,  the  ratio  of  the  values  of  q  without  and 
with  it  can  be  made.  This  will  give  the  improvement 
in  the  ratio  of  the  useful  flux  I  to  the  total  flux,  1^ 
Ideally,  the  ratio  of  the  two  values  ol  q  should 
be  2: 1 . 


HI.  Beam  optics 

The  design  of  the  proper  beam  optics  for  use  with 
an  adiabatic  fast  passage  transition  to  eliminate  un¬ 
wanted  states  from  the  beam  was  the  subject  of  exten¬ 
sive  study.  The  design  criteria  wore  to  focus  (F-l , 
m=0)  state  atoms  in  a  range  about  the  most  probable 
velocity  into  the  storage  bulb,  and  to  minimize  the  flux 
of  atoms  in  other  states,  in  particular  due  to  atoms 
transferred  into  the  (F-l,  m-  -1)  state  by  the  adiabatic 
transition.  As  shown  in  Figure  1,  the  layout  consists 
of  a  source  of  hydrogen  atoms  which  are  emitted 
through  a  collimator  placed  on  the  axis  at  one  end  of  a 
hexapole  magnet.  Atoms  in  the  (F=l ,  m=l)  and  the 
(F=l,  m-0)  s'ates  are  deflected  toward  the  axis,  wliile 
those  in  the  other  two  states  are  deflected  away.  The 
beam  then  passes  through  a  transition  region  in  which 
the  adiabatic  fast  passage  transition  may  be  induced. 


For  design  purposes,  the  length  of  this  legion  was  fixed 
at  four  inches.  The  length  of  the  first  magnet  can  be 
set  so  that  the  trajectories  of  atoms  originating  on  the 
axis  of  the  sy  'tern  that  have  the  most  probable  velocity 
(/3kT/m  )  wJl  be  parallel  to  the  axis  at  the  exit  of  the 
magnet.  Another  possibility  is  to  make  the  magnet 
longer  so  that  atoms  with  this  velocity  will  be  brought 
to  a  focus  at  the  entrance  of  the  second  magnet.  Calcu¬ 
lations  showed  this  latter  case  to  be  less  efficient  than 
the  former  in  an  over -all  system  designed  to  produce  a 
focus  at  the  entrance  to  the  storage  bulb. 

The  length  of  the  second  magnet  should  be  de¬ 
signed  to  focus  atoms  with  the  optimum  velocity,  given 
the  trajectories  with  which  they  enter  it,  at  the  entrance 
to  the  storage  bulb.  If  the  typical  entering  trajectory  is 
parallel  to  the  axis,  then  the  second  magnet  need  have  a 
smaller  length  to  gap  diameter  ratio  than  the  first  mag¬ 
net  be  ause  the  amount  of  deflection  the  atoms  require 
is  relatively  slight.  However,  atoms  transferred  into 
the  (F=l,  m=  -1)  state  by  the  adiabatic  fast  passage  tran¬ 
sition  will  also  receive  only  a  small  deflection,  and  if 
the  distance  from  magnet  to  bulb  aperture  is  relatively 
short,  some  of  these  atoms  may  not  be  deflected  from 
the  beam  sufficiently  far  to  miss  the  bulb  aperture. 

The  best  way  to  overcome  this  problem  seemed 
to  be  to  lengthen  the  second  magnet  so  that  the  typical 
trajectory  has  the  form  shown  in  the  middle  illustra¬ 
tion  of  Figure  1.  Calculations  showed  that  the  overall 
efficiency  of  such  a  system  could  be  comparable  to  a 
simple  single  magnet  system.  Somewhat  lower  veloci¬ 
ties  also  contribute,  following  a  trajectory  whose  typi¬ 
cal  shape  is  shown  in  the  bottom  illustration  of  Fig.  1. 

Beam  optics  calculations  were  made  in  two  dif¬ 
ferent  ways.  In  the  first,  the  assumption  was  made 
that  all  atoms  originated  exactly  on  the  axis  of  symmet¬ 
ry  of  the  magnets.  The  exact  force  law  on  the  atoms 
:n  the  hexapole  magnets  was  used  to  compute  the  tra¬ 
jectories.  The  intensity  reaching  the  storage  bulb  was 
obtained  by  integrating  over  the  range  of  initial  slopes 
of  the  trajectories  and  over  the  range  of  velocities 
emitted  by  the  source.  In  the  second,  the  assumption  of 
a  linear  force  law  (valid  for  m  ±1  states)  was  made, 
only  the  entrance  and  exit  planes  of  the  magnets  and  the 
entrance  to  the  storage  bulb  were  considered  to  have 
limiting  apertures,  and  the  intensity  reaching  the  sto¬ 
rage  bulb  was  obtained  by  integrating  successively  over 
the  two  components  of  initial  slope  for  a  source  point 
a  given  distance  from  the  axis,  over  the  area  of  the 
sources,  and  over  the  velocity  distribution.  The  agree¬ 
ment  between  calculations  based  on  the  two  approxima¬ 
tions  was  fairly  close  for  source  radii  small  compared 
to  the  radius  of  the  gap  of  the  firit  magnet.  The  dis¬ 
agreement  is  g-?atest  for  long  distances  between  the 
second  magnet  and  storage  bulb,  since  the  effect  of  off- 
axis  source  points  increases  with  the  length.  On  the 
other  hand,  the  limited  number  of  apertures  at  which 
atomic  trajectories  can  be  terminated,  and  the  linear 
force  law  assumed,  makes  intensities  calculated  by  the 
second  method  greater  when  source  and  magnet-to- 
storage  '.ulb  dimensions  are  small. 

IV.  Adiabatic  Fast  Passage 

Adiabatic  fast  passage  refers  to  a  system  in 
which  the  population  distribution  of  a  system  is  reversed 


(i.e.,  m-  -m)  by  sweeping  the  frequency  of  a  perturba¬ 
tion  that  can  induce  transitions  through  resonance  at  u 
rate  fast  compared  to  the  natural  lifetime  of  the  states, 
but  slow  compared  to  Hmn/ft  ,  where  Hmn  is  the  mag¬ 
nitude  of  the  perturbation  connecting  two  states.  In  a 
hydrogen  atomic  beam  this  is  done  by  passing  through 
a  coil  in  which  an  oscillat’ng  magnetic  field  is  induced. 
The  coil  lies  between  the  poles  of  a  tapered  magnet, 
so  that  the  atom  passing  through  the  coil  sees  a  uni¬ 
formly  varying  magnetic  field.  The  frequency  of 
oscillating  field  is  adjusted  so  that  resonance  for  the 
transition  between  the  magnetic  sublevels  of  tne  F=1 
level  occurs  at  the  middle  of  the  coil. 

The  transition  probability  for  a  spin  V2  particle 
can  be  calculated  readily  by  approximating  the  continu¬ 
ously  varying  magnetic  field  by  a  stepped  one,  divided 
into  many  regions  in  which  the  magnetic  field  is  con¬ 
stant.  If  the  transition  probability  for  a  spin '4  parti - 
cle  is  known,  those  for  one  of  any  degree  of  magnetic 
degeneiacy  can  be  calculated  by  use  of  formulas  due 
to  Majorana  that  give  the  transition  probability  be¬ 
tween  any  two  magnetic  sublevels  in  terms  of  that  for 
a  spin  */4  particle.4 

The  calculations  show  that  the  transition  proba¬ 
bility  becomes  essentially  constant  if  the  total  inter¬ 
action  time  is  long  enough.  The  calculation  assumes 
that  the  perturbing  oscillating  field  can  be  decomposed 
into  two  contra-rotating  components,  one  of  which  is 
ignored,  and  that  the  interaction  with  the  perturbing 
field  begins  and  ends  suddenly. 

The  adiabatic  fast  passage  transition  region  was 
built  with  a  tapered  magnet  3.25  inches  long  in  which 
was  a  coil  2  inches  long  to  produce  the  oscillating 
field.  The  taper  was  such  that  the  field  varied  8  per 
cent  of  its  mean  value  over  the  length  of  the  coil,  and 
it  generally  was  set  to  20  gauss  in  the  middle. 

V.  Experiment  and  Results 

The  two  hexapole  state  selection  magnets  had 
effective  lengths  of  3.73*1  Inches  and  7,750  inches,  .tnd 
the  peak  strength  of  their  fields  was  b500  and  7040 
gauss,  respectively  .  Their  bores  were  1/8  inch.  The 
maser  had  an  eight -inch  diametei  storage  bulb,  and 
four  sets  of  magnetic  shielding.  Its  line  tuning  w;.s 
done  mechanically  with  a  plunger  inserted  into  the 
cavity.  The  distance  from  the  second  magnet  to  the 
storage  bulb  aperture  was  about  20  inches. 

The  experimental  data  was  taken  by  measuring 
the  beat  between  the  experimental  maser  and  a  refer¬ 
ence  as  a  function  of  maser  cavity  resonance  frequency. 
For  a  given  beam  intensity  and  composition,  the  maser 
frequency  is  a  linear  func  on  of  cavity  resonance  fre¬ 
quency,  and  the  slope  of  the  line  is  proportional  to 
linewidth.  The  slopes  and  estimates  of  the  errors  to 
the  slopes  were  obtained  by  standard  techniques  of 
regression  analysis.  The  relative  power  and  ^^urce 
pressure,  assumed  proportional  to  hydrogen  beam  tlux, 
were  plotted  as  a  function  of  this  slope  for  a  range  of 
source  pressures,  tad  with  and  without  the  adiabatic 
fast  passage  resonance  operating.  The  slopes  for  zero 
power  out  and  for  zero  beam  flux  were  obtained  by- 
extrapolation,  as  shown  in  Figures  2  and  3. 


By  calculating  the  value  of  q  with  and  without 
the  enhancement  of  the  adiabatic  fast  passage  transition 
and  taking  their  ratio,  the  improvement  in  the  ratio  of 
useful  flux  to  total  flux  with  the  enhancement  was  found 
to  be  approximately  20  per  cent.  The  power  output  was 
increased,  typically,  by  2db. 

The  effect  of  the  adiabatic  fast  passage  transi¬ 
tion  on  linewidth  and  maser  output  power  was  found  to  . 
be  remarkably  insensitive  to  the  frequency  and  power 
level  applied  to  the  coil,  as  long  as  the  power  was 
above  a  minimum  value  at  which  quenching  of  the  maser 
resonance  occurred,  and  the  applied  frequency  was 
close  to  the  hydrogen  resonance  frequency  for  AF  =  0, 
Am=  ±1  transitions  at  the  middle  of  the  coil. 

The  improvement  in  the  operation  of  the  maser 
using  the  adiabatic  fast  passage  enhancement  was 
marked,  and  very  useful  in  operating  the  maser,  par¬ 
ticularly  at  low  flux  levels  near  the  threshold  of  oscil¬ 
lation. 


The  degree  of  improvement  is  smaller  than 
expected.  There  are  several  possible  explanations. 

One  is  that  Majorana  transitions  are  occurring  between 
the  state  selection  magnets  and  the  storage  bulb  aper¬ 
ture  that  scramble  the  state  populations.  Also,  mag¬ 
netic  inhomogeneities  in  the  cavity  might  be  causing 
similar  effects.  There  may  be  a  flux  of  unpolarized 
atoms  finding  its  way  into  the  storage  bulb.  The  beam 
optics  01  the  adiabatic  fast  passage  resonance  may  not 
be  as  efficient  as  our  calculations  show.  However,  a 
beam  optics  system  far  more  complicated  than  the  con¬ 
ventional  one  did  work,  and  the  operation  of  the  maser 
was  greatly  improved  by  its  use. 
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RECENT  RESULTS  CONCERNING  THE  HYDROGEN  MASER  NALL  SHUT  PROBLEM* 
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Cambridge,  Massachusetts  02138 


A  series  of  measurements  to  determine  the 
absolute  wall  shift  of  PEP  Teflon  in  the  hydro¬ 
gen  maser  yields  a  result  which  is  approximate¬ 
ly  25%  smaller  than  determined  by  previous 
measurements.  The  absolute  effect  of  the  wall 
on  the  maser  frequency  for  a  6  inch  diameter 
spherical  bulb  at  40°C.  was  found  to  be 
-,24.7  1  .5  mHz.  These  measurements  allowed 
the  evaluation  of  the  Large  Storage  Box  Maser 
Teflon  surface,  and  it  was  found  in  this  case 
that  the  absolute  wall  effect  was  -  2.4  mHz. 
Therefore  the  effect  is  reduced  in  magnitude  by 
the  expected  amount.  In  addition,  the  temper¬ 
ature  dependence  of  the  wall  shift  was  studied. 
Confirming  earlier  measurements,  a  large  de¬ 
crease  was  found  at  higher  temperatures  (approx¬ 
imately  80°C . ) .  A  value  for  the  temperature  de¬ 
pendence  in  the  region  of  measurements  is  pre¬ 
sented.  Finally,  several  experiments  to  be  un¬ 
dertaken  in  this  laboratory  which  deal  with  the 
wall  shift  problem  are  described. 

Introduction 

Several  workers  have  studied  the  wall  ef¬ 
fect  and  have  determined  the  absolute  frequency 
shift  for  a  wall  of  FEP  Teflon.  ,2  Although 
these  experiments  were  done  in  1964 ,  there  did 
not  appear  any  conflicting  data3  until  absolute 
wall  measurements  were  undertaken  in  this  labor¬ 
atory  last  fall.  The  project  was  begun  because 
knowledge  of  the  wall  shift  was  necessary  to 
evaluate  the  large  hydrogen  maser1*  (by  E.E.U.) 
aiid  to  study  temperature  characteristics  of 
various  walls  in  detail  (by  P.W.Z. ).  Initial 
measurements  appeared  anomalously  small  compared 
to  existing  data,  and  a  full  scale  effort  was 
undertaken  to  evaluate  the  absolute  wall  shift 
of  FEP  Teflon. 

The  procedure  involved  measuring  the  rela¬ 
tive  frequency  offset  of  a  test  maser  from  a 
reference  maser.  The  reference  maser  was  undis¬ 
turbed  throughout  Che  course  of  the  experiment 

*  Supported  by  the  National  Science  Foundation, 
the  Office  of  Naval  Research,  and  the  National 
Aeronautics  and  Space  Administration. 

t  Danforth  Graduate  Fellow. 


and  the  measurements  were  repeated  for  different 
coatings  and  different  bulb  sizes.  In  this  way 
a  dependence  of  the  relative  wall  effect  c:i 
bulb  size  was  generated  from  which  the  .'bst  iute 
wall  shift  can  be  inferred.  A  total  of  26  sep¬ 
arate  Teflon  coatings  were  measured  and  were 
used  in  the  final  determination.  The  re.u.'J, 
which  is 'smaller  than  previous  determir.it'  ins3-*2 
by  approximately  25%,  is  most]  likely  due  o  a 
change  in  the  composition  of  the  FEP  Te.on. 


Experimental  Results 


Fig.  1  is  a  graph  of  the  results  with  the 
relative  wall  shift  shown  versus  the  )..vsrse 
bulb  diameter. 


I/O  IN  ' 


Fig.  1 

Relative  Wall  Shift  Versus  Inverse  Bulb  Diameter 


This  dependence  can  be  represented  by 


A5v  =  K/d  -  6v  (ref.) 
w  w 

where  A5v  is  the  relative  measured  frequency 
shift,  W  6v  (ref.)  is  the  absolute  wall 
shift  of  the  reference  maser,  d  is  the  bulb 
diameter,  and  K  is  the  slope  of  the  line.  All 
the  bulbs  are  spherical  except  for  the  smallest, 
which  is  a  cylindrical  bulb  with  a  mean  free 
path**  corresponding  to  that  of  a  3.07"  sphere. 
Error  bars  for  each  measurement  are  omitted  for 
clarity.  For  the  most  part,  the  errors,  the 
standard  deviation  of  all  measurements  of  a  par¬ 
ticular  coating,  range  between  .3  mHz  and  1  mHz, 
but  two  poorly  measured  bulbs  were  uncertain  by 
3  mHz.  All  28  points  were  fit  at  first.  Only 
those  which  had  an  overlap  of  the  951  confidence 
limits  of  the  line  and  the  point  were  retained 
for  the  final  fit.  Points  were  statistically 
weighted  in  the  least  squares  fit.  The  errors 
quoted  for  the  parameters  of  the  line  are  stan¬ 
dard  deviations  of  the  mean. 

The  scatter  in  the  points  about  the  line 
cannot  be  explained  fully  by  magnetic  field  in¬ 
stability,  cavity  drifts,  electronic  noise,  and 
deficiencies  in  measurement  technique,  and  must 
be  attributed  to  variations  in  the  character¬ 
istics  of  the  Teflon.  ,Of  the  ten  bulbs  not 
used  in  the  final  fit,  most  did  not  pass  the 
water  drop  test,6  at  least  under  the  scrutiny 
we  had  developed  by  the  end  of  the  experiment. 
One  bulb  that  did  not  pass  and  had  an  estimated 
area  of  .01  cm2  where  water  would  wet  the  sur¬ 
face  had  a  measured  wall  shift  5%  higher  than 
the  norm.  Several  successive  coatings  were 
usually  required  before  the  bulb  passed.  The 
coating  procedure  itself  was  standard:6  a 
380°C.  fusing  oven  bake  for  20  minutes  with  cir¬ 
culating  air  which  was  dried  with  a  dry-ice 
trap,  and  a  slow  cooling  rate  (several  hours). 

There  was  no  detectable  difference  between 
test  masers  pumped  by  mercury  vapor  pumps  and 
those  with  sputter-ion  pumps .  There  was  no  evi¬ 
dence  of  a  drift  in  the  frequency  of  the  re  fer¬ 
es:  vt  maser . 

He  thus  conclude  that  one  can  coat  a  bulb 
in  <■>  standard  way,  test  the  surface  with  a 
water  drop,  and  find  scatter  in  the  wall  shift 
c<  a  few  parts  in  10 *3. 

Besides  corrections  for  magnetic  field  off¬ 
set  ,  cavity  and  spin  exchange  shifts  and  the 
seconu  order  doppler  shift,  corrections  were 
made  for  the  temperature  variation  of  the  wall 
shift  and  the  effects  of  the  bulb  stem  on  the 
average  mean  free  path. 

Fig.  2  shows  the  temperature  variation  of 
the  wall  shift  for  two  bulbs  in  the  23-50°C. 
range . 


Fig.  2 

Hall  Shift  Versus  Inverse  Temperature  in 
23°C  to  50°C  range 

The  6  1/2"  bulb  has  a  smaller  than  average  wall 
shift  and  has  a  smaller  temperature  dependence. 
The  4"  bulb  has  a  wall  shift  5%  larger  than  nor¬ 
mal  and  has  a  larger  variation.  The  implica¬ 
tions  of  this  are  being  investigated.  The  fit  to 
a  theoretical  curve  given  by  a  simple  physical 
adsorption  model  is  quite  good.  The  linearized 
shift  in  the  region  about  31.5°C.  where  our  ex¬ 
periment  was  done  is 

36v 

o  i  —■  /  6»w  =  -  (12.7  ‘  1.3)  x  10'3  dtg 

Host  runs  in  the  experiment  were  within  2°  of 
this,  but  some,  especially  earlier  ones,  were  9° 
below,  at  room  temperature. 

The  stem  effect  is  the  increase  of  the  meas¬ 
ured  wall  shift  caused  by  the  larger  number  of 
collisions  incurred  by  those  atoms  which  enter 
the  bulb  stem  and  later  return  to  the  bulb.  He 
have  estimated  the  effect  and  have  subtracted 
from  the  measured  values  corrections  ranging  from 
.03%  to  2%  depending  on  the  particular  bulb 
used.  As  the  effect  is  proportional  to  the  ratio 
of  stem  to  bulb  volume,  it  is  larger  for  the 
smaller  bulbs.  The  present  estimate  of  the  stem 


correction ,  details  of  which  will  be  published 
later,  could  be  in  error  by  25%.  Such  an  er¬ 
ror  has  been  allowed.  However,  this  cor¬ 
rection  and  associated  uncertainty  does  not 
change  the  line  slope  beyond  the  errors  of  the 
slope. 


The  final  results  are  summarized  in 
Table  I. 


COMPARISON  OF  WALL  SHIFT  RESULTS 

(1)  ■§’OfaTi(T -Td) 

(S)  8f*(T)*0v/T 

(2) 

ALL  REFERENCED  TO  40* C 

(4)  °Ti  *  Tf*/*1'' 

I  Eodi 

•U"nf 

1 

*2Ti 

KtmHl-m) 

4  (rod) 

Eod»  <»V) 

a  (K-*) 

VANIER-VESSOT 

1964 

•2081  2 

-34.71.3 

-18.71, 1)«I0'* 

13651.02 

-(Sll)«IO‘s 

MATHUR 

1964 

-196130 

-  33.01 3 

-(8.3tl3)"l0* 

— 

— 

UZGIRtS-ZTTZEWlTZ 

1969 

•131.813.2 

-24.71.3 

-<6.3±.1)«I0*- 

.1141.010 

-{I2J01I)«IO'* 

Table  1 

Summary  of  Data 


Eq.  (1)  defines  the  line  slope  K;  Eq.  (2) 
the  phase  shift  per  collision  ♦.  The  interpre¬ 
tation  of  the  results  of  the  temperature  varia¬ 
tion  depends  on  the  model  used.  Eq.  (3)  de¬ 
fines  the  adsorption  energy ,  Ea(js ,  for  our 
model,  and  Eq.  (4)  shows  the  method  used 

to  determine  the  linearized  shift  a.  The 
change  in  K  and  a  from  the  results  in  Fig.  1 
and  the  text  is  duo  to  the  use  of  the  tempera¬ 
ture  reference  point  of  40°C.  rather  than 
31.5°C. 

It  should  be  noted  that  the  Teflon  used  in 
the  measurements  by  Hathur  was  DuPont  FEP  120, 
Blend  33,53-9%  solids,  purchased  in  1964.  The 
Teflon  used  in  the  present  work  is  Blend  B- 
107,54.5%  Solids,  purchased  in  1967.  It  has 
been  noted  that  the  newer  Teflon  seems  to  coat 
differently  from  the  older  variety7  and  this 
may  be  due  to  differences  in  the  physical 
characteristics.  If  this  is  in  fact  the  case  — 
although  it  must  be  emphasized  the  evidence  is 
by  no  means  certain  —  then  the  difference  in 
wall  shift  between  these  measurements  and  those 
on  the  older  Teflon  in  1964  would  not  be  sur¬ 
prising. 


Other  Work 

Among  other  work  under  way  at  Harvard, 
Fig.  3  shows  the  present  status  of  work  on 
temperature  dependence. 


Fig.  3 

Wall  Shift  Versus  Inverse  Temperature  in 
100K  to  400K  range 


The  1964  work  by  Cramptop®  used  bulbs  coated  by 
Hathur. i  The  two  room  temperature  runs  are 
those  described  above.  The  break  in  the  line  at 
higher  temperatures  is  most  exciting  and 
measurements  are  being  extended  to  higher  temper¬ 
atures.  Comparison  of  this  data  with  the  low 
temperature  run  suggest  the  existence  of  a  sim¬ 
ilar  break  below  room  temperature,  possibly 
correlated  with  the  observed  phase  change  in 
crystalline  TFE  Teflon  at  19°C.9. 

We  have  long  been  interested  in  developing 
a  wall  surface  made  of  a  material  that  has  a 
high  enough  vapor  pressure  so  that  the  surface 
would  be  continuously  renewed.  This  would  af¬ 
ford  a  surface  independent  of  the  impurities  in 
the  vacuum  system  and  would  hopefully  lead  to 
more  reproducible  wall  shifts.  Xenon  at  50°K  is 
an  excellent  candidate.  Another  is  Fluorolube, 
a  perfluoronated  lubricating  oil  with  a  mean 
molecular  formula  of  C2]Fl„4,  a  product  of  the 
Oak  Ridge  Gaseous  Diffusion  Plant.  Although  the 
vapor  pressure  at  room  temperature  is  too  large 
for  practical  use,  we  have  measured  the  wall 


shifts  of  two  bulbs  at  two 

temperatures .  The  i 

suits  are 

as  follows: 

Bulb  Size 

Wall  Shift 

Temp. 

Vapor 

(mHz) 

Pressure 

(Torr) 

6  1/2" 

-  27.5 

23°C. 

2  x  10"6 

4" 

-  43.0 

6  1/2" 

-  78.2 

32&C. 

1  x  10'5 

4" 

-  62 

The  large 

increase  in  wall 

shift 

is  correlated 

with  the 

vapor  pressure  rise  and 

thus  it  seems 

possible  that  collisions  in  the  vapor  phase  are 
responsible  for  the  change.  Fractions  of  this 
oil  with  a  larger  molecular  weight  and  thus 
lower  vapor  pressure  are  being  obtained. 

A  flexible  bottle  to  measure  the  absolute 
wall  shift  without  changing  bulbs  has  been 
proposed  and  is  being  developed  by  Douglas 
Brenner.  This  method  of  varying  the  mean  free 
path  while  maintaining  the  same  bulb  surface 
may  prove  advantageous  and  yield  accuracies 
higher  than  heretofore  achieved. 

The  wall  shift  for  the  Large  Storage  Box 
Hydrogen  Maser4  has  been  measured  with  respect 
to  our  reference  maser.  With  all  numbers 
referenced  to  27°C. ,  the  absolute  shift  is 
-2.4  *  0.8  mHz.  The  larger  error  cones  from 
the  small  number  of  comparisons  and  the  uncer¬ 
tainty  in  the  reference.  Since  the  extrapola¬ 
tion  of  the  wall  shift  of  Teflon  used  in 
smaller  masers  to  a  bulb  with  a  58.3"  diameter 
is  -2.8  mHz,  it  can  be  seen  that  the  purpose  of 
the  larger  maser,  obtaining  a  wall  shift  lower 
by  a  factor  of  ten  by  increasing  the  bulb  size, 
has  been  achieved.  In  order  to  realize  the  ac¬ 
curacy  potentially  obtainable  by  such  a  maser, 
a  technique  to  vary  the  mean  free  path  in  this 
bulb  (similar  to  the  flexible  bulb  approach 
above)  is  being  developed.  This  technique 
would  be  unlimited  by  the  small  maser  wall 
uncertainties.  Full  details  of  this  experiment 
will  be  published  later. 
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Summary 

We  describe  a  double  resonance  ex¬ 
periment  for  measuring  the  atomic  beam 
composition  of  a  hydrogen  maser.  This  me¬ 
thod  requires  only  one  single  static  ma¬ 
gnetic  field. 

An  audio  frequency  field  whose  fre¬ 
quency  is  close  to  the  frequency  spacing 
between  the  Zeeman  sublevels  of  the  F=1 
state  is  applied  to  the  stored  atoms.  The 
hyperfine  Am  =  0  transition  line  is  then 
split  into  a  triplet  (Autler-Townes  ef¬ 
fect),  the  component  of  which  are  very  well 
separated  owing  to  the  high  Q  factor  as¬ 
sociated  with  the  stored  hydrogen  atoms. 

We  show  that  the  intensities  of  the 
triplet  lines  are  related  to  the  diffe¬ 
rences  of  population  of  the  three  F  =  1 
sublevels  on  the  one  hand  and  the  F  =  0 
level  on  the  other  hand. 

The  method  is  used  to  measure  the 
efficiency  of  ari  improved  state  selector 
which  eliminates  85%  of  atoms  in  the 
undesirable  F  =  1,  m  =  2  state. 

1.  Introduction 

A  single  hexapolar  magnet,  used  as 
a  state  selector  of  hydrogen  atoms,  focu¬ 
ses  into  the  storage  bulb  of  a  hydrogen 
maser3-  the  atoms  in  both  energy  levels 
F  =  1,  m  =  1  and  F  =  1,  m  =  0.  Only  atoms 
in  the  F  =  1,  m  =  0  level  are  used  for 
maser  operation  with  the  F  =  1,  m  =  0 — > 

F  =  0,  m  =  0  transition.  Atoms  in  F  =  1, 
m  =  1  level,  which  do  not  take  part  in 
the  A  m  =  0  clock  transition,  increase 
the  atomic  density  in  the  bulb  and  the 
atomic  linewidth  by  means  of  the  spin 
exchange  process. 


It  is  of  primary  interest  to  opera¬ 
te  the  H-maser  with  an  atomic  linewidth  a 
small  as  possible  in  order  to  obtain  a 
very  good  long  term  stability  and  to  make 
easier  the  automatic  tuning  of  the  cavity 
So,  it  is  important  to  improve  the  state 
selection  to  eliminate  as  much  as  possi¬ 
ble  the  atoms  in  the  undesirable  F  =  1, 
m  =  1  level. 

For  this  purpose,  we  have  proposed 
and  realized3  a  state  selector,  for  H 
masers1 2,  including  two  hexapolar  m„ ^nets 
separated  by  an  adiabatic  rapid  oassage 
(ARP)  region,  whose  principle  has  been 
given  by  Abragam  and  Winter  **. 

To  analyse  the  operating  conditions 
of  this  device  and  to  measure  its  effi¬ 
ciency,  we  nave  considered  the  means  of 
determinating  the  population  difference 
between  each  of  the  three  F  =  1  sublevels 

on  the  one  hand  and  the  F  =  0  level  on 

the  other  hand. 

The  known  possibilities  are  as 
follows 

1.  Measurement  of  the  spin  exchange 
contribution,  T2Sp£n  exchange  ; 

to  the  T2  relaxation  time.  It  is 

related  to  the  atomic  density  in 
the  bulb,  -v\,  ,  by  the  formula  : 

.  *  7  <i: 

\  2  /  spin  exchange 

where  <r  is  the  spin  exchange 
cross  section  and  v  the  relative 
mean  velocity  of  hydrogen  atoms. 

This  measurement  gives  the 
total  atomic  density  in  the  bulb, 
and,  then,  the  atomic  flux  of  the 
berm,  but  not  its  detailed  compo- 
s it  ion . 


*  Section  d'Orsay  du  Laboratoire  de 

l'Horloge  Atonique 


2.  Py  operating  the  maser  as  ejfn  am¬ 
plifier,  it  is,  in  principle, 
possible  to  measure  its  gain  for 
the  F  =  1,  m  =  0  — F  =  0,  m  s  0 


transition  and  for  the  F  =  1, 
m  =  *  1— >F=0,  m=0  transitions 
and  to  compare  the  involved 
population  differences. 


where  is  the  gyromagnetic  ratio  of  the 
electron; 


2.2  ->  Energy  levels  of  the  A.F.  field 


Observation  of  the  Am=0 
transition  requires  a  static 
magnetic  field  parallel  to  the 
R.F.  field  and  observation  of 
the  Am  =  i  1  transitions  a 
static  magnetic  field  perpen- 
cular  to  the  R.F.  field.  In 
a  H-maser,  the  direction  of 
the  R.F.  field  is  imposed  and, 
for  the  comparison,  it  is 
necessary  to  produce  two  per¬ 
pendicular  static  fields.  But, 
for  practical  reasons,  one  of 
them  cannot  be  made  suffi¬ 
ciently  homogeneous  to  avoid 
uncoherent  mixing  of  the  F=1 
sublevels. So, this  method  fails. 

These  difficulties  are  overcome  by  a 
new  method,  based  on  the  Autler -Townes 
effect  5.  It  recuires  the  single  static 
magnetic  field  which  is  used  for  the  Am=0 
clock  transition,  and  an  audio  frequency 
field,  whose  homogeneity  is  not  critical, 
to  produce  a  coherent  mixture  of  the  sub- 
levels  of  the  F=1  state. 

2.  Energy  levels  of  hydrogen 
atoms  submitted  to  an  A.F.  field 


The  energies  of  the  eigen-states  ln> 
of  the  A.F.  field  of  freauency  Wt  are 
■U  Yt  cox  ,  where  n  is  the  number  of  pho¬ 
tons. 

2. 3  -  Energy  levels  of  atoms  and  A.T. 
field  without  interaction 

The  eigen-states  of  the  whole  system 
atoms  +  A.F.  field,  supposed  at  first  wi¬ 
thout  interaction  are  called  |r,m  ;  n>. 
Their  energies  are  obtained  by  adding  the 
energies  of  the  atoms  and  of  the  A.F. 
field. 

For  example,  on  the  energy  diagram 
shown  in  figure  IB,  the  state  |a>=  | 1 , 1  ; 
n-l>  is  the  tensorial  Droduct  of  the 
atomic  state  F  =  1,  m  =  1  and  of  the  A.F. 
state  | n-1 >  .  The  states  |b>=  |l,  0  ;n> 
and  |c>  =  1 1 ,  —1  ;  n+l>  are  also  states 
of  the  whole  system,  without  interaction. 

The  energies  of  these  states  are  : 

f  E L  i"ti  CU  +  Cav-  -O  Vi  £i) 
a.  o  x 

t  s  -n,  dii  (  2  ) 

t  -  _  h  to  + 

I  C  o  3C 


At  first,  we  consider  the  energy 
levels  of  hydrogen  atoms  in  presence  of 
an  A.F.  magnetic  field  whose  frequency  is 
close  to  the  spacing  (expressed  in  fre- 
qvency  unit)  of  the  F  =  1  Zeeman  sub- 
levels. 

The  high  frequency  field  inducing  the 
&m=0  hyperfine  transition  will  interact 
witn  the  whole  system  atoms  +  A.F,  field. 
But  due  to  the  great  frequency  difference 
between  the  A.F.  field  and  the  H.F.  field 
(a  cew  kHz  compared  to  1,12  GHz),  the  F=0 
level  is  not  involved  in  the  described 
state  mixing.  It  is  neglected  for  the  mo¬ 
ment.  It  will  be  reintroduced,  without 
further  complication,  when  we  will  consi¬ 
der  the  detection  of  state  mixing  and  the 
measurement  of  the  differences  of  popula¬ 
tion. 


We  have  to  consider  states,  the  ir 
quantum  number  as  also  the  number  of  o)  o- 
tons  of  which  differs  by  1.  A  level  cros¬ 
sing  of  such  states  is  shown  in  figure  IP. 

For  the  resonance  condition  coxico0, 
the  states  ia  >  ,  |b>  ,  |c  >  are  degene¬ 
rated  (level  crossing). 

2.4  -  Energy  levels  of  interacting  atoms 
and  A.F.  field 

The  interaction  between  t he  atoms 
and  the  A.F.  field  is  now  considered.  The 
direction  of  this  field  is  perpendicular 
to  the  static  magnetic  field  !’0,  and  Af=0, 
Am  =  -  1  transitions  are  induced.  Hx  is 
its  amplitude,  averaged  by  the  atomic  no¬ 
tion  if  the  A.F.  field  is  not  uniform. 


2.1  -  Energy  levels  of  the  atoms 

In  the  static  magnetic  field  H0  of 
about  1  milligauss  applied  to  the  hydro¬ 
gen  atoms  in  the  storage  bulb  of  a  H 
maser,  the  three  sublevels  of  the  F=1  sta¬ 
te  can  be  considered  as  equidistant,  and 
they  can  be  described  as  the  three  suble¬ 
vels  of  a  spin  1  (figure  1A),  Their  res¬ 
pective  energies  are  : 

+  ^  W0»  0,  -■*  co0,  with  <o0=  V  e  HQ 


It  can  be  shown  that  the  Hamiltonian 
describing  the  interaction  is  6  : 

V  e  dx  + 

"-T  -7T  sx  (a  +a  5  (3) 

V  n 

where  a  and  a+  are  respectively  annihila¬ 
tion  and  creation  operators  of  a  photon 
of  energy  Ku>x.  *?  is  the  component  of 
the  spin  1  parallel  to  H  . 


rQ 


A  convenient  way  to  calculate  the 
perturbed  energy  levels  and  the  pertur¬ 
bed  states  of  the  system  is  to  use  the 
so  called  "resolvant  method"  6. 


As  a  result  of  the  quantum  mechani¬ 
cal  calculation  7,  the  states  I'f*  >  , 

IS’o  >  *  |¥  -  >  of  the  perturbed  system 

which  are  a  coherent  mixture  of  the 
unperturbed  states  |a>  ,  |b>  and  |c> 
are  given  by  : 


l*,> 

i 

IS’„  > 

1  ’0 

N  l 

|¥_  > 

A  +  AX. 

14 -■uJ'  A+  K- 

I0--5 

\]  5/  j> 

^  -Jif* 

|b> 

-  ■h-M?'  -4- 

|C> 

"  1  t  1 

equals 


The  dimensionless  parameter  u 


OJ 

m.  ~x_ 


co 


(5) 


The  eigen-energies  of  the  system 


are 


r  e+  -  Eb+  *\j  w +  C3=. 


eo  Eb 


(G) 


Is.-.  eb.li  -fCi 


When  the  atoms  of  the  beam  enter 
very  rapidly  the  A , F.  field  region,  like 
in  a  H-maser,  the  perturbation  is  sud¬ 
denly  applied.  In  this  case,  the  dynami¬ 
cal  state  of  the  atoms  does  not  change. 
The  state  |a  >  ,  for  example,  is  not 
affected.  But,  the  systems  must  be  des¬ 
cribed  as  a  coherent  mixture  of  states 
la  >  ,  |b>  ,  |c  >  when  the  atoms  are 
submitted  to  the  perturbation.  So,  the 
contribution  of  each  state  |a  >  ,  lb>  , 
ic>  to  the  population  of  states  |*f+>, 
|V0  >  »  |cf5_  >  equals  the  square  of  its 

coefficient'  in  the  equation  ( *0 .  For 
example,  the  number  of  atoms  in  state 
| >  which  were  in  state  |a>  before 
the  perturbation  is  proportional  to 


If  we  call  P;,i  ,  P  i  0  »  pl,-l  th® 
respective  populations  of  the  atomic  sta¬ 
tes  | 1 , 1 >  ,|l,o  >  and  | 1,-1 >  when  the 

A.F.  field  is  not  present  the  populations 


+  * 

po< 
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The  perturbed  energy  levels  are 
shown  in  figure  1C.  The  horizontal  level 
is  not  modified  by  the  interaction  and, 
as  it  is  classical,  the  degeneracy  for 
t oxz  w0  is  removed  by  the  interaction. 

3.  Population  of  the  states 

)t>  ,  K>  ,  !¥.  > 

The  population  of  the  states  |%>, 
l^o  >  ,!*?->  are  related  to  those  of  the 
states  |a  >  ,  lb  >  ,  |c  >  . 

The  relation  depends  upon  the 
length  of  time,  t  ,  necessary  to  apply  the 
perturbation  due  to  the  A.F.  field. 


‘t.  Detection  of  coherent  level 
mixing  by  double  resonance 

The  mixing  between  the  F  =  1  sub- 
levels  cannot  be  detected  directl\ ,  but 
can  be  observed  owing  to  its  influence  on 
the  hyperfine  transition  Am  =  0,  as  in¬ 
dicated  in  figure  2.  The  atomic  F  =  0 
level  is  simply  translated  by  the  amount 
H  d  by  applying  the  A.F.  field. 

The  best  way  to  observe  this  mixing 
is  to  ooerate  the  maser  as  an  amplifier 
because  all  the  parasitic  effects  connec¬ 
ted  tc  the  dynamical  properties  of  the 
oscillator  are  then  avoided. 


The  perturbation  is  applied  adiaba- 
tically  or  suddenly  whether  the  frequency 
spacing  coQ/2  it  between  the  F  =  1  sub- 
levels  is  very  much  larger  or  smaller  than 
c  . 


In  the  adiabatic  process,  the  in¬ 
trinsic  properties  of  each  quantum  states 
do  .tot  change.  Then  the  population  c f  the 
states  |  <4^  >  ,  ,  i <f_>  are  respec¬ 

tively  equal  to  the  population  of  the 
states  i  a  >  ,  |  b  >  ,|C>  . 


Below  the  threshold  of  oscillation, 
a  high  frequency  signal  induces  transi¬ 
tions  between  the  states  1 1 . 0  >  and 
10.0  >  .  In  presence  of  the  A.F.  field  the 
II. 0>  state  is  coherently  mixed  to  the 
1 1 . 1  ■>  and  !  1 ,  -1  >  states  and  the  Am=0 
line  is  splitted  into  a  triplet,  the  com¬ 
ponents  of  which  are  frenuencv  separated 
by  : 


--'A 


“A 

■l 


(P) 


This  splitting  is  known  as  the 
Autl* "-Townes  effect  5.  In  this  case,  the 
main  feature  is  the  very  good  separation 
between  the  lines,  as  shown  in  figure  3. 

This  pa”ticularity  is  associated 
with  the  very  small  width  of  the  AF=1  , 

A  m=0  line  (about  1  c/s)  obtained  with 
stored  h"drogen  atoms.  Such  a  good  sepa¬ 
ration  allowed  us  to  go  further  in  the 
Autler-Townes  effect  study  to  relate  the 
height  of  the  three  lines  to  the  popula¬ 
tion  of  the  F  =  1  sublevels  ®. 

Note  that  this  double  resonant  expe¬ 
riment  is  usually  performed,  when  the 
maser  is  oscillating,  to  measure  accura¬ 
tely  the  value  of  the  static  magnetic 
field  Hq.  A  dip  in  the  oscillation  level 
is  observed  when  the  resonant  condition 
tox  -  co0  is  fulfilled  9  ,  When  the  maser 
is  used  as  an  amplifier,  the  height  of 
the  central  line  is  minimum  under  the 
same  condition  and  we  have  checked  that 
the  static  field  is  then  measured  with 
the  same  accuracy  as  before. 

S.  Relation  between  the  inten¬ 
sities  of'  the  triplet  lines  and 
the  populat Ion  of  the  F=1  sub- 
levels 

So  far,  for  simplicity  purpose,  we 
have  only  considered  the  populations  of 
the  |tp  >  states  and  of  the  unperturbed 
|  a  >  ,  |b>  i  |c>  states.  Nothing  at 
all  is  to  be  changed  if  the  P  factors  are 
differences  of  population  between  the 
states  associated  with  the  index  oi  b"  P 
factors  on  one  hand  and  the  F=0  s*  ?;•.  n 
the  other  hand. 

The  intensities  I+,  I  1.  of  the 
triplet  lines  depend  upon  two  factors.  The 
first  is  the  difference  of  pop.lations  bet¬ 
ween  the  |  <f>  states  and  the  |0,0  ; 
state  described  by  P+,  P0,  P_.  The  second 
is  the  probability  that  the  observed  tran¬ 
sition  occured.  It  is  proportional  to  the 
squared  coefficient  of  the  |  b>  state  in 
the  development  of  the  |q>>  states  as 
given  by  :he  relation  4. 

Thus,  we  obtain  for  the  relative 
intensities  : 

X  i  A-  A&  p 
*  ~Z —  + 

lo  -  jut  Po  (9) 

x  _  A-  A**'  p 

_  5, 

We  have  specified  the  influence  of 
the  H.F,  observation  field  on  the  measu¬ 
rement  of  the  intensity  of  the  lines.  The 
height  of  the  linearly  detected  lines  are 
proportional  to  I+,  C0,  I_  under  the 


following  conditions  : 

-  The  maser  must  be  far  from  the 
threshold  of  oscillation  for  each 
line.  Then,  the  regenerative  proper¬ 
ties  of  the  amplifier  are  negligea- 
ble . 

-  The  amplitude  of  the  H.F.  field 
must  be  very  small  for  avoiding  the 
saturation  of  the  lines  (the  detec¬ 
ted  power  is  about  10-16  watts). 

6.  Check  of  the  method  with  a 
classical  state  separator 

We  have  checked  the  validity  of  the 
sudden  application  of  the  perturbation 
using  a  classical  state  separator  which 
focuses  into  the  storage  bulb  both  |1.0> 
and  |1.1>  states.  In  our  case  it  is  made 
of  two  hexapoiar  magnets  (figure  4).  As 
long  as  an  adiabatic  raoid  passage  is  not 
performed  between  the  two  hexapoiar  ma¬ 
gnets,  they  are  optically  eouivalent  to 
a  single  hexapoiar  magnet. 

We  have  calculated  the  transmitting 
factor  of  this  magnetic  lens  and  its 
separation  efficiency  by  a  phase  plane  me 
thod  developped  for  this  purpose  10  ,  The 
theoretical  composition  of  the  beam  ente¬ 
ring  the  bulb  is  very  nearly  50*  of  atoms 
in  the  ll.0>  state  and  50*  of  atoms  in 
the  ll.l>  state.  (In  the  maser  used  for 
this  experiment,  the  length  of  the  drift 
space  between  lens  and  bulb  is  90  cm) , 

The  H-maser  is  voluntarily  held  well 
below  threshold  condition  of  oscillation 
by  operating  its  atomic  hydrogen  source 
at  very  low  pressure  (about  10-2  Torr). 

A  5  054  825  c/s  signal  delivered  by 
a  1163  A  G.R.  freouency  synthesizer  is 
frequency  multiplied  to  induce  the  Am  =  0 
transition  (figure  5).  The  synthesizer  is 
driven  by  a  very  stable  1115  P  G.R.  ouartz 
oscillator.  The  heterodyne  receiver  gives 
a  405750  c/s  signal  whose  freouency  is 
held  constant  by  a  tracking  filter  system 
when  the  excitation  signal  is  freouency 
swept.  The  constant  frequency  signal  is 
mixed  down  to  5  750  c/s,  linearly  detec¬ 
ted  and  filtered  (1  s.  time  constant).  A 
record  of  the  triplet  lines  is  shown  in 
figure  3. 

The  A.r.  field  is  produced  by  a  pair 
of  rectangular  coils  wounded  around  the 
cavity,  under  vacuum,  approximately  in 
Helmholtz  position. 

It  is  applied  to  the  atoms  when  they 
enter  the  bell  jar  assembly,  within  a  time 
of  about  30  microseconds. The  frequency  of 
the  field  is  chosen  to  be  7  kc/s  to 


achieve  the  condition  of  sudden  applica¬ 
tion.  The  static  magnetic  field  is  then 
iiQ  =  5  milligauss. 

The  parameter  u  is  measured  by  the 
following  method  : 

-  the  A.F.  field  is  produced  using 
a  frequency  synthesizer.  The  re¬ 
sonant  frequency  <oQ  is  determi¬ 
nated  with  a  great  accuracy  by 
observing  the  disparition  of  the 
central  line  of  the  triplet  for 
a  very  weak  value  of  the  A.F. 
signal  amplitude.  The  value  of 
to  o<.-  is  then  obtained  by 

direct  reading  on  the  frequency 
synthesizer  dial. 


It  can  be  shown  that  the  F  =  1  sub- 
levels  can  be  considered  as  equidistant 
in  the  A.'f.P,  conditions  and  the  A.h.P. 
process  can  be  easily  understood  with  the 
results  of  the  first  part  of  this  report. 

In  figure  7  we  see  that,  if  the 
atoms  are  introduced  in  the  R.F.  field 
far  from  resonance  (D.C.  magnetic  field 
very  different  from  8  Gauss),  they  are  then 
in  states  |  *f >  very  close  to  the  unpertur¬ 
bed  states.  The  perturbation  is  suddenly 
applied  with  ut  *  1  and  formulas  7  show 
that 

p+ih  Pl,-1  ;  Po#Pl,o  1  P-#P1,1 

(10) 


-  At  resonance,  the  separation  bet¬ 
ween  the  two  sideband  lines  pro¬ 
vides  the  value  of  the  quantity 


The  figure  6  shows  the  comparison 
between  the  theoretical  and  experimental 
intensities  of  the  triplet  lines  for  the 
following  values  of  the  differences  of 
populations  : 


For  moving  atoms,  the  magnetic 
field  is  adiabatically  swept  across  the 
resonance  value  (no  transition  between  the 
|  <p  >  states)  and  rapidly  (interaction  time 
much  smaller  than  relaxation  times  of  atoms 
in  the  beam).  After  crossing  the  coil,  the 
R.F.  field  is  suddenly  suppressed  far  from 
resonance. 

Thus  the  effects  of  rhe  A.R.P.  are  : 


pi,r  °-5 


,  P1<0  =  o.s 


pl,-l*  0 


As  it  must  be,  there  is  a  very  good 
agreement  between  the  measured  points  and 
the  theoretical  curves  calculated  under 
the  hypothesis  of  sudden  application  of 
the  perturbation. 


-  to  keep  constant  the  population 
of  the  !l.o>  state.  This  has 
been  checked  by  using  the  maser 
as  an  amplifier  on  the  Am=0  un¬ 
perturbed  line  and  by  switching 
on  and  off  the  A.R.P. 

-  to  exchange  the  populations  of  the 
|1,1>  and  |  1,-1  >  states. 


7.  Application  to  the  measure¬ 
ment  of  the  beam  composition 
obtained  with  an  improved  state 
selector 


Thus  the  atoms  in  |  1,1 >  and  | 1,-1 > 
states  are  repelled  from  the  beam-axis 
either  in  the  first  hexa polar  magnet  or 
in  the  second  one, 


7.1  -  State  selector  with  adiabatic  rapid 


In  conclusion,  the  state  separation 
acts  like  : 


A  schematic  representation  of  the 
device  is  given  in  figure  M, 


-  a  doublet  of  convergent  lenses  for 
atoms  in  |l,o>  state 


The  atomic  beam  is  produced  by  a 
single  tube.  Its  diameter  is  1  mm  and  its 
length  20  mm.  The  gap  of  the  hexapolar 
magnets  are  3  mm  for  the  nearest  of  the 
source  and  7  mm  for  the  other.  The  ma¬ 
gnetic  field  at  the  pole  tips  of  both 
magnets  is  7.000  G.  The  first  magnet  is 
R7  mm  long  and  the  second  69  mm.  They  are 
separated  by  a  adiabatic  rapid  passage 
region  where  static  magnetic  field  perpen¬ 
dicular  to  the  beam  is  applied.  It  varies 
by  1  G/cn  around  8  0.  A  R.F. coil  produ¬ 
ces  an  alternative  field  parallel  to  the 
beam"Trequency  is  about  12  MHz  with  an 
amplitude  of  a  few  Gauss.  This  freauenev 
corresponds  to  the  spacing  between  the 
F  =  1  sublevels  in  the  coil's  center. 


-  a  convergent  lens  and  a  divergent 
lens  for  atoms  in  states  I  1,1 > 
and  I  1 ,-l  >  , 

-  a  doublet  of  divergent  lenses  for 
atoms  in  state  1  0 , 0  >  , 

The  atoms  in  |1.0>  states  are  then 
very  well  separated  f^om  the  others. 


7.2  -  Measurement  of  the  beam  composition 
obtained  with  this  improved  state  selector 


The  differences  of  population  bet¬ 
ween  the  F  =  1  sublevels  and  the  F  =  0 
level  have  teon  obtained  bv  the  double 


resonance  method.  The  beam  composition, 
with  a  probably  overestimated  uncertainty, 
is  as  follows  : 

P,  ,  =  (13  -  3 ) % 

1  >  * 


P1  -1=  (3  1  3)% 


6.  C.  Cohen-Tannoudji,  S.  Haroche, 

Journal  de  Physioue  30,  1969,  p.125  et 
153 

7.  P,  Piejus  -  These  Paris  1968 

(unpublished) 

3.  C.Audoin,  M.  Desaintfuscien,  P.  Piejus 
J-P,  Schermann,  Journal  of  Quantum 
Electronics  (to  be  published) 


These  results  have  been  checked  by  a 
direct  measurement  of  the  spin  exchange 
contribution  to  the  T2  relaxation  time. 

The  T2  measurement  is  classical  H,  the 
absolute  atomic  flux  is  obtained  as  indi¬ 
cated  in  our  last  year's  report  12,  The 
results  are  shown  in  figure  8, 

The  comparison  with  the  ideal  case 
where  al)  the  F  =  1,  m  =  1  atoms  are  sup¬ 
posed  eliminated  gives  the  ratio  of  the 
atomic  densities  (formula  n°  1)  obtained 
when  the  A.R.P.  device  is  operated  or  not. 
Then,  the  global  beam  composition  is  as 
follows  : 


P1,1 +  Vi  -  (13 1 2)4 


8,  Conclusion 

The  validity  of  this  double  resonan¬ 
ce  method  for  measurement  of  population 
differences  of  hyperfine  levels  of  stored 
atoms  can  be  extended  to  more  complicated 
hyperfine  structures  than  that  of  hydro¬ 
gen  atoms. 

It  may  be  useful  for  studies  of 
population  inversion  obtained  by  atomic 
beam  technics  (deuterium,  cesium,  rubi¬ 
dium)  or  by  optical  pumping. 
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Summary 

Work  at  Goddard  Space  Flight  Center  to  adapt  the 
hydrogen  maser  for  field  use  at  tracking  stations  has 
been  in  progress  for  three  years.  Prototype  standards 
based  upon  this  work  are  now  in  the  test  and  evaluation 
phase.  Experimental  work  leading  to  the  design  of  these 
prototypes  was  presented  at  the  22nd  Annual  Frequency 
Control  Symposium.  1  In  the  present  paper  we  will  dis¬ 
cuss  the  design  of  the  prototypes  and  give  test  results. 
We  will  also  present  further  experimental  data  on  an 
experimental  maser  representative  of  the  new  design 
which  has  been  in  continuous  operation  for  approximately 
two  years . 

The  prototype  :  tandards  have  been  designed  as  self 
contained  frequency  and  time  standards.  A  unit  contains 
a  hydrogen  maser,  receiver-synthesizer,  automatic 
cavity  tuner,  clock,  standard  output  frequencies  and 
time  signals,  and  other  system  electronics.  Designed 
for  a  negligible  amount  of  operator  attention,  the  stand¬ 
ard  contains  status  monitoring  and  alarm  circuits,  and 
the  entire  system  transfers  uninterruptedly  to  battery 
operation  in  the  event  of  power  failure. 


Introduction 

The  stability  and  accuracy  of  a  standard  based  upon 
the  atomic  hydrogen  maser  arises  largely  from  the  fact 
that  atomic  hydrogen  may  be  confined  within  a  properly 
treated  enclosure  for  relatively  very  long  periods  of 
time  (over  one  second)  in  a  manner  which  perturbs,  but 
very  slightly,  the  magnetic  hyperfine  quantum  states  of 
the  atom.  Additionally,  the  frequency  of  the  transition 
involved  has  almost  negligible  dependance  upon  magnetic 
field,  temperature,  cavity  pulling,  and  atom-atom  or 
atom-molecule  collisions,  under  conditions  which  have 
been  achieved  in  present  day  standards . 

These  conditions,  however,  have  required  the  at¬ 
tainment  of  very  high  temperature  stability,  of  magnetic 
field  homogeniety,  and  of  cavity  frequency  control,  as 
well  as  the  use  of  advanced  electronic  techniques  in  re¬ 
ceivers,  multipliers,  synthesizers,  etc.  The  large 
physical  structure  of  the  maser,  and  the  several  spe¬ 
cially  designed  subsystems  required  to  operate  it  opti¬ 
mally,  are  perhaps,  m  striking  contrast  with  the  rela¬ 
tive  simplicity  and  oeauty  of  the  basic  physical 
principles.  The  hydrogen  hyperfine  energy  level 


diagram  shown  in  Figure  1  (a) ,  and  the  hydrogen  maser 
basic  elements  shown  in  Figure  1  (b)  illustrate  this 
point.  It  is  only  recently  that  hydrogen  masers  which 
approach  the  stability  and  reproducibility  now  known  to 
be  achievable  have  been  constructed  in  many  research 
laboratories  or  that  the  reality  of  the  masers  present 
performance  and  future  promise  have  begun  to  be  rec¬ 
ognized  by  authorities  in  the  fields  of  timing  and  fre¬ 
quency  control . 


Figure  1(a).  Hydrogen  Hyperfine  Energy  Levels 
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Figure  1(b).  Elementary  Hydrogen  Maser  Oscillator 


The  scientific  applications  in  very  long  baseline 
stellar  interferometry,  ^  in  earth  navigation,  geodesy, 
basic  research,  aircraft  collision  avoidance,  etc,  as 
well  as  use  as  a  laboratory  comparison  standard  are  ex¬ 
citing  the  interest  of  scientists  in  these  several  disci¬ 
plines  .  The  prospective  applications  in  space  tracking 
and  navigation^  are  NASA's  primary  motivation  for  un¬ 
dertaking  the  present  work.  Figure  2  is  a  photograph  of 
one  of  the  four  prototype  hydrogen  standards  which  we 
have  recently  constructed  at  NASA's  Goddard  Space 
Flight  Center  and  which  are  now  being  tested  and  eval¬ 
uated  for  field  application.  Many  aspects  of  the  design 
of  these  units  differ  substantially  from  designs  conceived 
elsewhere.  Our  main  effort  in  this  paper  will  be  to  de¬ 
scribe  the  design,  as  well  as  the  functional  character¬ 
istics  of  these' standards. 


Figure  2.  NASA  Prototype  Hydrogen  Standard  NP-1 


Overall  System  Arrangement 

Figure  3  shows  the  overall  configuration  of  the  hy¬ 
drogen  maser  and  the  associated  subsystems.  These 
are  located  within  a  framework  which  is  6  feet  high,  22 
inches  wide,  and  27  inches  deep.  Since  these  standards 
have  been  desigied  primarily  for  ground  based  station 
operation,  much  consideration  has  been  given  to  the 
spacious  arrangement  of  subsystems  in  easily  acces¬ 
sible,  replaceable,  and  repairable  modules.  The  hy¬ 
drogen  maser  assembly  Itself,  4  feet  in  height  by  18 
inches  in  diameter,  is  mounted  on  a  rugged  aluminum 
frame  and  is  surrounded  by  a  cage  structure  which 
allows  free  ambient  convection  cooling  while  protecting 
the  maser  from  mishandling  in  shipment  or  in  use.  The 
electronic  modules  are  mounted  on  the  front  of  the  main 
frame  and  fold  out  as  illustrated.  Batteries  which  pro¬ 
vide  six  hours  of  uninterrupted  operation  during  a-c  line 
failures  or  during  transport,  are  mounted  either  in  the 
lower  section  or  externally,  as  desired.  Three  hundred 
and  thirty  watts  at  usual  a-c  line  voltages  and  frequen¬ 
cies  is  the  net  normal  power  required. 


Hydrogen  Maser  Design 
Lower  Assembly 

The  maser  lower  assembly  is  shown  in  Figure  4. 
The  1 . G  liter  bottle  of  hydrogen,  with  l.OOOpsi  initial 


pressure,  is  adequate  for  twenty  years  of  normal  oper¬ 
ation;  but  it  may,  if  required,  be  refilled  without  shut¬ 
down.  The  pump  assembly  consists  of  a  six  element, 

150  liter  per  second  titanium  ion  pump.  This  pump,  at 
measured  hydrogen  flow  rates ,  and  using  extrapolated 
performance  data  on  several  other  pumps  and  masers, 
should  provide  ten  years  of  continuous  service  between 
pump  element  changes.  The  pyrex  RF  source  dissoci- 
ator  bulb  is  2  inches  in  diameter  and  2.5  inches  long. 
This  bulb,  as  well  as  a  five  watt,  120  MHz  solid  state 
exciter  circuit,  is  located  within  an  aluminum  reentrant 
enclosure  at  the  pump  bottom.  This  arrangement  ef¬ 
fectively  shields  the  source  and  prevents  RF  interfer¬ 
ence.  A  multitube  collimator  having  97  tubes,  each  0.1 
inch  long  and  0.002  inch  diameter,  confines  the  hydrogen 
atoms  to  a  narrow  beam  as  they  enter  the  state  selector. 


Figure  4.  NASA  Hydrogen  Moser  Lower  Assembly 


The  state  selector  is  a  hexapole  magnet  with  0.05 
inch  diameter  aperture  It  is  four  inches  long  and  has  a 
maximum  field  strength  of  approximately  10,000  gauss. 
A  beam  attenuator ,  wrhich  is  required  in  tuning  the 
maser  cavity,  is  located  at  the  state  selector  exit.  It 
consists  essentially  of  a  single  very  light  spring  with  a 
"flag"  which  has  fixed  teflon  stops.  A  preset  proportion 
of  the  beam  is  intercepted  by  this  "flag"  as  a  soft  iron 
pellet  attached  to  the  spring  is  moved  by  a  miniature 
magnetic  solenoid  which  has  its  axis  transverse  to  the 
beam  direction.  The  pump  assembly  has  a  single  mag¬ 
netic  shield  of  0.063  inch  thick  soft  iron  and  has  a  2-3/4 
inch  diameter  hole  at  tfe  top  for  the  vacuum  connection 
to  the  maser  upper  assembly .  A  built  in  vacuum  valve 
in  the  source  assembly  prov  ides  for  initial  pump  down 
of  the  system. 

Maser  Upper  Assembly 

Figure  5  shows  the  maser  upper  assembly.  The 
FEP  teflon  lined  quartz  storage  bulb  is  3.5  inches  in 
diameter  by  16  inches  long  and  has  a  volume  of  5.3 
liters.  The  bulb  collimator,  which  is  an  integral  part 
of  the  bulb,  is  6  mm  inside  diameter  by  1.0  inch  long 
and  provides  a  calculated  exit  relaxation  time  for  ther- 
malized  hydrogen  atoms  of  1.56  seconds.  The  bulb  is 


held  securely  to  the  cav  lty  xn  radial  directions  by  com¬ 
pressed  viton  o-rings  at  top  and  bottom,  while  a  spring 
at  the  top  holds  the  bulb  down  with  a  force  several  times 
its  weight. 
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Figure  5.  NASA  Hydrogen  Moser  Upper  Assembly 


The  6061-TG  alloy  aluminum  cavity  is  nominally  10 
inches  in  diameter.  Shaped  cavity  tuners  at  both  ends 
are  each  held  in  place  by  six  1/2  inch  diameter  adjust¬ 
ment  bolts,  3  in  tension  and  3  in  compression.  The 
cavity  length  may  thus  be  varied  from  16  inches  to  21 
inches  for  adjustment  of  the  cavity  frequency.  Alumi¬ 
num  end  caps  are  securely  screwed  to  the  cavity  cyl¬ 
inder;  this  makes  the  entire  cavity  assembly  a  thermally 
massive  and  isothermal  structure.  A  precision  theim- 
lstor  and  bifilar  wound  heater  windings  axe  located  on 
the  external  cylindrical  cavity  surface.  Low  thermal 
conductivity  metal  supports  at  three  locations  provide 
a  strong  mechanical  support  for  the  cavity.  Two  pol¬ 
ished  aluminum  cylindrical  radiation  shields  are  located 
between  the  cavity  and  the  vacuum  enclosure,  and  thesc 
are  supported  at  each  end  by  diree  small  dielectric 
posts  of  negligible  thermal  conductivity. 

The  vacuum  enclosure  is  of  heavy  aluminum  with 
primary  thermal  control  on  the  outer  cylindrical  sur¬ 
face,  and  additional  thermal  control  near  the  cavity 
supports  on  the  lower  end.  A  large  diameter  mounting 
plate  of  aluminum  provides  a  strong  support  as  well  as 
an  isothermal  surface  adjacent  to  the  vacuum  enclosure 
bottom.  This  plate  is  attached  to  the  assembly  bottom 
cover  by  three  widely  spaced,  low  thermal  conductivity, 
metal  supports. 

Four  U.023  inch  thick  moly-permalloy  magnetic 
shields  are  used  in  this  design.  Two  inside  shields, 
with  0.25  inch  separation,  surround  the  vacuum  en¬ 
closure.  A  field  coil  wound  on  an  aluminum  cylinder  is 
placed  between  the  enclosure  and  the  lnnei  shield,  and 
extends  from  shield  top  to  bottom.  Two  similar  shields 


are  located  outside  these;  they  also  have  a  0.25  inch 
separation,  but  the  inside  diameter  is  approximately 
four  inches  greater  than  the  outside  diameter  of  the  in¬ 
ner  set.  This  space  is  filled  with  a  two  inch  thickness 
of  expanded  polystyrene  bead  thermal  insulation. 

Near  the  top  of  the  maser  assembly,  between  the 
inner  and  outer  magnetic  shields,  is  located  the  ther¬ 
mally  controlled  electronic  package.  This  is  of  heavy 
aluminum  and  is  bolted  to  the  vacuum  enclosure  top  at 
three  widely  separated  locations  through  one-half  inch 
diameter  holes  in  the  inner  shield  caps.  This  arrange¬ 
ment  provides  an  isothermal  surface  facing  the  vacuum 
enclosure  top,  as  well  as  a  thermally  controlled,  elec¬ 
trically,  magnetically,  and  thermally  shielded  location 
for  critical  electronic  modules  in  close  physical  and 
electrical  proximity  to  the  maser  cavity.  An  incidental 
advantage  is  the  reduction  of  possible  microphonics  by 
the  mass  of  the  vacuum  enclosure.  The  cavity  coupling 
loop  is  enclosed  in  a  fused  silica  tube,  and  teflon  insu¬ 
lated  coaxial  cable  with  copper  inner  and  outer  conduc¬ 
tors  connects  this  to  the  receiver  input  through  a  cen¬ 
trally  located  vacuum  feed  through.  Three  top  supports 
attach  an  additional  thermal  shield  (which  is  fastened  to 
the  electronics  package)  to  the  assembly  top  cover  plate. 
Thus  the  entire  assembly  is  supported  top  and  bottom. 

A  very  important  consideration  in  hydrogen  maser 
design  is  the  requirement  that  no  net  d-c  currents,  which 
would  destroy  the  magnetic  field  homogeniety,  flow 
through  any  hole  in  the  magnetic  shields.  Experience 
has  shown  that  thermoelectric  currents,  or  other  cur¬ 
rent  shield  "loops "  must  be  avoided  at  all  costs.  Thus, 
all  circuitry  and  components  are  electrically  insulated 
from  structures  within  the  shields;  all  currents  (and 
cables)  going  into  the  assembly  must  emerge  through  the 
same  shield  holes  they  enter;  inner  thermal  and  mag¬ 
netic  shields  are  electrically  isolated;  and  the  support 
bolts  use  nylon  insulating  bushings.  The  cavity  coupling 
loop  and  cable  make  no  d-c  connection  to  the  cavity  or 
vacuum  enclosure.  Initial  shield  degaussing  is  accom¬ 
plished  by  attaching  a  tubular  connector  to  the  top  of  the 
vacuum  enclosure  through  an  annular  space  between  the 
coupling  vacuum  feed  through  and  central  holes  in  the 
magnetic  shields,  package,  and  top  cover.  The  lower 
vacuum  connection  is  not  electrically  insulated,  and  thus 
the  a-c  degaussing  current  can  pass  axially  through  the 
shields. 

An  additional  magnetic  field  coil  is  wound  on  the 
lower  vacuum  connection  tube  where  it  passes  through 
the  outer  magnetic  shields.  This  has  been  found  desir¬ 
able  in  order  to  bias  the  magnetic  field  to  eliminate  mix¬ 
ing  of  the  Zeeman  levels  of  the  F-l  states  as  the  atoms 
pass  through  magnetic  null  regions  in  the  shield  holes 
where  the  field  may  have  transverse  components  and  un¬ 
desirable  direction  changes.  The  coil  is  a  single  layer 
of  wire  two  inches  long  with  one  hundred  turns  one  inch 
in  diameter.  A  fixed  bias  current  of  live  to  ten  miili- 
atuperes  d-c  is  usually  adequate.  (This  must  be  m  a 


particular  direction,  which  is  easily  found  by 
experiment.) 

Electronics  Systems 

Thermal  Control 

There  are  five  temperature  control  points  with 
associated  servo  systems  In  each  standard;  these  are: 
the  maser  cavity,  main  vacuum  enclosure,  vacuum  en¬ 
closure  lower  support,  electronics  package,  and  the 
body  of  the  source  pressure  sensors.  A  typical  thermal 
control  servo  is  illustrated  in  Figure  G(a).  A  most  im¬ 
portant  feature  of  this  servo  is  that  the  thermistor  sen¬ 
sor  is  in  a  bridge  circuit  with  d-c  bias,  rather  than  the 
a-c  biased  type  frequently  used  In  less  critical  appli¬ 
cations.  Typical  thermistors  of  50  K-Ohm  rating  in  a 
bridge  with  10  volts  bias  provide  a  sensitivity  of  about 
0. 1  volt  per  degree  Celsius.  In  consideration  of  the  low 
noise  level  and  negligible  drift  of  solid  state  differential 
amplifiers  ouch  as  the  ones  used  in  the  present  case,  the 
system  noise  and  thermal  drift  is  determined  primarily 
by  the  thermistor  characteristics .  Individual  heater 
current  meters  have  been  used,  since,  in  the  prototypes, 
concurrent  observation  is  particularly  desirable,  and 
switching  transients  are  also  avoided. 


Figure  6(o).  Typicol  Thermal  Control  Channel 


Pressure  Control 

Figure  G(b)  shows  the  source  pressure  control 
system.  Separate  servos  are  used  for  the  pressure 


Figure  6(b).  Source  Pressure  Control  System 


gauge  and  the  pressure  adjustment.  The  palladium- 
sliver  hydrogen  purifier  and  control  valve  uses  a  very 
small,  low  thermal  mass  flow  element,  which  results 
in  relatively  short  pressure  change  times  (typically  45 
seconds)  as  well  as  stable  response  characteristics. 

Receiver-Synthesizer 


The  basic  receiver-synthesizer  system  is  shown  in 
Figure  7 .  5  MHz  voltage  controlled  crystal  oscillator 

with  good  low  noise  and  low  drift  characteristics  is  phase 
locked  through  a  multiheterodyne  receiver-synthesizer 
system  to  the  maser  output  signal.  The  components 
most  sensitive  to  environmental  noise  or  RF  interfer¬ 
ence  are  located  within  the  thermally  controlled  elec¬ 
tronics  package  in  the  maser  assembly.  These  include 
a  4db  noise  figure  solid  state  preamplifier,  the  first 
and  second  IF  amplifiers,  local  oscillator  multipliers 
and  mixers.  A  digital  synthesizer  with  divider  provides 
0.0001  Hz  incremental  adjustment  (relative  to  1420MH2) 
of  the  output  frequency;  the  maximum  synthesis  adjust¬ 
ment  is  limited  by  the  crystal  lock  range  to  approxi¬ 
mately  ±  5  x  10‘‘ .  Not  shown  in  Figure  7  are  auxilliary 
alarm  circuits  which  indicate  when  VCO  course  adjust¬ 
ment  is  necessary,  or  when  malfunctions  occur  such  as 
loss  of  signal  from  the  maser,  the  synthesizer,  dividers 
or  loss  of  lock,  etc.  Besides  the  usual  5 MHz,  1  MHz, 
and  lOOKHz  output  frequencies,  a  100  MHz  output  is  pro¬ 
vided  directly  from  the  first  local  oscillator  multiplier 
for  use  in  phase  locking  higher  frequency  signal  sources 
to  the  maser. 

Automatic  Cavity  Tuner 


A  most  important  electronic  subsystem  in  these 
standards  is  the  automatic  cavity  tuner,  which  is  shown 
in  Figure  8.  This  system  was  described  at  the  22nd 
Annual  Frequency  Control  Symposium  (Reference  1). 
The  present  system  is  unique  in  that  it  does  not  require 
a  second  hydrogen  maser  as  a  reference  oscillator;  by 
using  digital  integration  and  automatically  variable 
period  averaging  techniques,  the  maser  cavity  is  main¬ 
tained  at  the  proper  frequency  so  as  to  affect  the  maser 
output  one  part  in  1013  or  loss  with  the  use  of  a  pre¬ 
cision  quartz  crystal  oscillator  as  reference.  This  es¬ 
sentially  eliminates  the  cavity  pulling  and  spin  exchange 
effects  on  the  maser  frequency.  Panel  indicator  lights 
are  provided  to  show  frequency  comparator  counts , 
averager  accumulation,  and  cavity  correction  register 
number.  The  cavity  frequency  may  be  manually  offse* 
when  desired,  and  observation  of  the  tuner  response 
using  these  indicators  provides  confirmation  of  proper 
operation.  The  tuner  response  (see  results  below) 
agrees  very  well  with  the  theoretical  predictions  and 
data  given  in  reference  1. 
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Figure  8.  Auto  Tuner  Block  Diagram 


Clock  and  Time  Pulse  Circuits 

Figure  9(a)  shows  the  digital  clock,  and  the  time 
signal  control  panel.  Two  separate  one  pulse  per 


second  outputs  are  provided,  each  having  independent 
delay  adjustable  in  one  microsecond  Increments  by  panel 
decade  switches. 


Audio  Alarm  and  Red  Light  Monitor  Circuits 


Twenty-four  "red  light"  circuits  and  a  very  audible 
audio  alarm  are  provided  on  these  standards .  Some  of 
the  functions  presently  monitored  are  listed  in  Figure 
9(b).  This  feature  is  particularly  useful  in  rapid  diag¬ 
nosis  of  malfunctions,  and  of  course,  will  alert  station 
operators  or  other  users  to  improper  operating 
conditions.  A  push  button  on  the  front  panel  also  allows 
one  to  test  the  alarm  circuits. 
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NASA  Prototype  Standard  Data 

Testing  and  evaluation  of  the  new  prototype  standards 
has  just  begun.  One  standard  (NP-1)  has  been  oscil¬ 
lating  for  four  months,  and  much  of  the  data  presented 
here  are  the  results  of  measurements  with  this  one. 

Tests  on  the  other  units  (NP-2,  -3,  and  -4)  are  just  be¬ 
ginning  at  this  writing,  so  intercomparison  data  with 
very  meaningful  statistics  are  not  yet  available,  although 
some  tentative  first  results  from  these  are  included. 

On  all  of  the  units,  the  loaded  cavity  Q's  are  30,000 
(±2,000)  and  the  coupling  factor  has  been  adjusted  to 
0.26.  The  measured  line  Q  at  oscillation  threshold, 
from  cavity  frequency  pulling  data,  is  3.2x  10v.  The 
typical  operating  line  Q  at  high  beam  is  2.5x  10<>,  and  at 
low  beam  is  2.9x  109.  The  beam  intensity  attenuation 
ratio  has  been  set  at  2:1.  This  relatively  small  change 
is  all  that  is  required  with  the  present  design  to  achieve 
the  tuning  accuracy  desired  (10'1J  or  better).  Thustherc 
are  no  seriously  large  changes  in  maser  power  level  or 
in  stability  due  to  tuning  modulation.  The  resulting 
ratio  of  tuning  modulation  to  average  frequency  offset  is 
1:10  so  that,  for  example,  a  net  maser  frequency  offset 
of  one  part  in  1013  due  to  a  detuned  cavity  produces  a 
modulation  of  one  part  in  10*  * . 

On  NP-1,  the  recorded  average  cavity  correction 
rate,  referred  to  the  output,  is  presently  6. Ox  10"1*  per 
day.  This  represents  the  extent  to  which  the  maser 
would  drift  in  a  day  if  the  cavity  were  not  automatically 
tuned.  Thus,  for  critical  applications  requiring  the  ul¬ 
timate  in  short  term  stability,  the  autotuner  mav  be 
stopped,  and  the  maser  operated  at  optimum  beam 


strength  for  periods  of  a  day  or  more,  without  signifi¬ 
cant  detuning  of  the  cavity. 

The  first  stability  measurements  between  two  of 
the  new  standards  have  just  been  made.  The  comparis 
is  between  NP-1  and  NP-3,  with  the  power  level,  at 
high  beam  for  both  masers,  of  10‘13  watts  (this  was  no 
accurately  determined  in  this  first  run) .  The  data  was 
taken  using  the  5  MHz  outputs  from  both  masers  and 
multiplying  each  to  200 MHz.  One  maser  synthesizer 
was  offset  so  as  to  produce  a  beat  frequency  of  100  Hz 
upon  mixing  the  2C0MHz  signals.  A  beat  frequency 
filter  with  a  bandwidth  of  approximately  200  Hz  was  use< 
and  the  relative  frequencies  were  determined  for  varlou 
measuring  times  using  a  period  counter.  The  data  anal 
ysis  was  based  upon  the  successive  difference  method 
(Reference  4  see  articles  by  Barnes,  Allen,  and  Vesso 
et  al.). 


RMS  Fractional  Frequency  Deviations 


Measuring 
Time,  T, 
Secs. 

1 

10 
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High 

1.9xl0'12 

l.GxlO’13 

1.6x10'** 

1.2xl0'14 

Both 

Beams 

Low 

2.7x  10"li 

3. 2x  10’13 

3.2xl0'u 

8x  10"13 

The  deviations  appear  to  be  characteristic  of  addi¬ 
tive  noise  (l/T)  for  T  up  to  100  seconds,  and  are  about 
3.5  times  the  theoretical  values  for  the  present  power 
levels  and  other  design  parameters,  thus  they  may  be 
improved  upon  in  the  future.  For  T  =  1000  seconds  and 
low  beam,  the  data  is  oonsistant  with  the  theoretical 
minimum  due  to  fundamental  maser  pertubing  noise  (Ref¬ 
erence  4 ,  see  article  by  Cutler  and  Searles)  at  this  power 
level . 

The  hydrogen  consumption  rate  data  and  the  ion 
pump  operating  pressures  and  maser  power  levels  are 
consistent  with  the  design  goals,  as  well  as  with  calcu¬ 
lations  based  upon  the  atomic  trajectory  and  efficiency 
analysis  given  in  reference  1 .  The  net  higii  beam  flow 
rate,  calculated  from  hydrogen  bottle  pressure  drop  ex¬ 
perimental  data  on  NP-1  is  ox  10,s  atoms  per  second 
(7. 1x10^  torr-hters  per  second  of  molecular  hydrogen). 


NASA  Experimental  Maser  Data 

The  NASA  experimental  maser  (NX-1)  from  which 
much  of  the  experimental  data  of  reference  1  was  ob¬ 
tained,  has  been  oscillating  continuously  since  Sept.  1967 
and  lias  been  automatically  tuned  essentially  all  of  this 
time.  Thus  some  very  significant  long  term  experience 
with  a  system  representative  of  the  new  standards  is 


presently  available.  The  long  term  stability  and  repro¬ 
ducibility,  the  cavity  thermal  control  system  perform¬ 
ance,  and  the  experience  with  the  NASA  design  of  the  RF 
source  dissociater  is  the  most  interesting  of  this 
experience. 

Many  frequency  comparisons  havt  been  made  with 
NX-1  during  this  period.  In  1967  comparisons  were 
made  with  two  NASA  modified  H-10  hydrogen  masers, 
with  two  similar  hydrogen  masers  at  the  Naval  Research 
Laboratory  (using  a  telephone  line),  and  with  several 
cesium  standards.  Since  1967  nearly  continuous  com¬ 
parisons  have  been  made  with  respect  to  GSFC  operated 
cesium  "house  standards,"  and  for  over  three  months 
in  the  summer  of  1968  NX-1  was  the  comparison  stand¬ 
ard  in  tests  of  several  cesium  beam  standards  which 
were  being  evaluated  for  use  at  Apollo  tracking  stations. 
Just  recently,  comparisons  with  NP-1,  the  first  of  the 
new  hydrogen  standards,  have  been  made.  The  1967 
measurements  indicated  agreement  within  one  part  in 
10 12  among  the  several  hydrogen  masers.  The  cesium 
comparisons  in  1967,  1968,  and  present  cesium  data  in¬ 
dicate  no  change  in  the  NX-1  frequency  during  this  pe¬ 
riod  within  the  accuracy  capabilities  of  the  cesium 
standards.  To  look  at  this  another  way,  the  significant 
cesium  data,  when  related  to  NX-1,  show  the  various 
cesium  standards  to  have  the  same  frequency,  in  gen¬ 
eral  ,  to  well  within  their  accuracy  specifications .  The 
recent  comparisons  with  NP-1  show  agreement  to  well 
within  one  part  in  10 12 .  The  significance  of  all  these 
comparisons  is  that  (a)  the  intrinsic  reproducibility  in¬ 
herent  in  hydrogen  standards  is  very  superior,  and  (b) 
if  there  is  any  long  term  variation  in  the  wall  shift  cor¬ 
rection  of  continuously  operating  hydrogen  standards ,  it 
is  of  the  order  of  5  parts  in  10 13  per  year  or  less.  (Much 
other  data  by  other  authorities  also  supports  tiiese  con¬ 
clusions,  see  Reference  4,  article  by  McCoubrey,  and 
References  5  and  6.) 

A  continuous  record  has  been  kept,  since  1967,  of 
the  cavity  frequency  corrections  of  NX-1  made  by  the 
automatic  cavity  tuner.  This  data  indicates  the  rate  of 
thermal  drift  (or  other  systematic  changes)  of  the  maser 
cavity.  At  first,  this  was  -0. 0012°C  per  day,  while  at 
present,  it  is  -0.0001°C  per  day.  Initial  data  on  NP-1 
indicate  a  correction  rate  equivalent  to  -0.0004°C  per 
day.  This  encouraging  data  is  consistent  witli  the  ther¬ 
mal  control  experiments  reported  in  reference  1 ,  upon 
which  the  rather  adventurous  hydrogen  maser  design 
inovation  of  using  an  aluminum  cavity,  with  thermal 
tuning,  was  based. 

The  5  watt  solid  state  RF  source  dissociater  used 
in  NX-1  has  not  exhibited  any  change  in  characteristics 
over  the  entire  experimental  period.  Most  significantly, 
the  pyrex  glass  source  bulb  has  not  developed  the  intense 
internal  coating  and  discoloration  which  was  character 
istic  of  elderly  maser  sources  of  earlier  design.  The 
sources  on  the  new  standards  appear  to  reproduce  the 
discharge  color  and  intensity  of  NX-1,  so  re'ial'le,  long 
lived  sources  may  be  realistically  anticipated. 


Conclusion 

From  the  present  results,  it  appears  that  the  new 
prototype  hydrogen  standards  will  achieve  their  design 
goals.  However,  the  next,  and  most  important  and 
interesting  phase  of  their  development  is  just  starting. 
During  the  coming  months,  in  addition  to  stability  and 
reproducibility  intercomparisons,  many  environmental 
and  systematic  tests  will  be  performed.  Possible  "bugs" 
will  be  hunted,  and  optimum  operating  conditions  will  be 
determined.  With  successful  completion  of  the  local 
tests,  several  field  tests  are  being  planned.  These  will 
involve  experiments  in  three  way  deppler  tracking3  with 
standards  at  two  or  more  remote  sites,  timing  experi¬ 
ments,  and  experiments  in  collaboration  with  radio 
astronomers  in  very  long  base  line  (A' LB)  stellar  inter¬ 
ferometry.2  Finally,  three  of  the  standards  may  be 
deployed  at  the  Apollo  tracking  stations  having  85  foot 
antennas.  These  are  located  at  Madrid,  Spain; 
Carnarvon,  Australia;  and  Goldstone,  California. 

It  is  appropriate  to  illustrate  the  portability  of  the 
standards  at  this  point.  Figure  10  siiuws  NP-1  mounted 
on  a  "maser  dolly"  and  operating  on  external  batteries. 
One  man  can  quickly  attach  the  dolly,  and  easily  maneu¬ 
ver  and  position  the  standard . 


Figure  10.  N/  SA  Hydrogen  Standard  on  "Dolly" 
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FREQUENCY  MIXING  AND  MULTIPLICATION  IN  THE 
FAR  INFRARED  AND  INFRARED 


A.  Javan 

Massachusetts  Institute  of  Technology 


This  talk  reviewed  the  M.I.T.  activities  in  the  area  of  frequency  mixing 
and  multiplication  in  the  far  infrared  and  infrared.  The  characteristics 
of  a  frequency  multiplier  chain  using  "laser  links"  were  described.  In 
this  chain,  high  order  harmonics  of  a  far  infrared  laser  is  mixed  with  the 
fundamental  frequency  of  another  laser  and  an  intermediate  frequency  in 
the  microwave  range.  The  "phase  locking"of  a  far  infrared  signal  against 
high  order  harmonics  of  a  microwave  fundamental  frequency  was  also  dis¬ 
cussed.  The  talk  also  included  a  description  of  frequency  mixers  and 
rectifiers  used  in  these  experiments. 
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USE  OF  LASER-SATURATED  ABSORPTION  OF  METHANE  FOR 
LASER  FREQUENCY  STABILIZATION* 


R.  L.  Barger  and  J.  L.  Hall  ^ 

Joint  Institute  for  Laboratory  Astrophysics' 
Boulder,  Colorado 


Using  laser  saturation  of  molecular  absorp¬ 
tion,  we  have  obtained  ac  3.39  v  an  emission  fea¬ 
ture  in  laser  power  centered  on  a  methane  vibra¬ 
tion-rotation  line  (P(7)  line  of  the  V3  band].l>2 
We  report  here  the  results  of  using  this  feature 
to  stabilize  laser  frequency.  The  width  of  this 
very  sharp  Lorentzian  line  is  determined  by  col- 
llslonal  and  Interaction  time  effects.  Methane 
collisional  self-broadening  is  measured  to  be 
8.1  +  0.3  kHz/m  Torr,  and  an  upper  limit  for  the 
exceptionally  low  self-induced  pressure  shift  is 
75  +  150  Hz/m  Torr.  We  have  obtained  widths  as 
narrow  as  150  kHz  halfwidth  at  half-maximum  in¬ 
tensity,  i.e.  Av, 12/v  %  lxl0"9.  Of  this,  about 
100  kHz  is  due  to  tim^  of  flight  across  Che 
laser  beam;  the  remainder  is  due  to  power  broad¬ 
ening.  The  asymmetry  previously  observed^  in 
power  broadening  has  been  reduced  to  a  negligible 
level.  Beat  frequency  measurements  between  two 


independent,  dissimilar  methane  stabilized  lasers 
show  that  we  have  stabilized  laser  frequency  to 
lir.e  center  with  a  reproducibility  of  better  than 
+  1x10-11.  An  analysis  of  the  frequency  noise 
spectrum  is  given  in  the  figure. 
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SAMPLE  TIME  INTERVAL,  T 


Frequency  fluctuations  versus  sample  time  interval  of  (a)  Beat  between 
two  free  running  He-Ne  lasers  (upper  set  of  measurement,  points). 

(b)  Beat  between  two  He-Ne  lasers,  each  independently  controlled  by  a 
methane  absorption  cell. (Lower  set  of  me?jjureraent  points). 


Plotted  is  the  Allan  variance.'*  Number  of  samples  K  =  2;  ratio  of  dead 
time  plus  sample  time  to  sample  time  r  =  1;  bandwidth  B  >  1  MHz. 


*D.  Allan,  Proc.  IEEE  54,  p.  221  (1966). 


STABILITY  INVESTIGATIONS  OF  HCN  LASER 


V.  J.  Corccran,  R.  E.  Cupp,  W.  T.  Smith 
and  J,  J.  Gallagher 

Electromagnetics  Department 
Martin  Marietta  Corporation 
Orlando,  Florida 


Summary 

Experiments  have  been  performed  on  the  hetero¬ 
dyning  of  the  far  infrared  hydrogen  cyanide  laser. 
Investigations  of  the  beat  between  the  laser  and  a 
harmonically  generated  signal  originating  from  a 
5  MHz  frequency  standard  have  provided  information 
relevant  to  the  laser  stability  and  phase-locking 
of  the  laser  to  the  microwave  source.  Lineuidths 
of  the  beat  are  approximately  5  kHz.  Computer  pro¬ 
grams  have  been  employed  to  analyze  the  conditions 
necessary  for  locking  of  the  laser.  The  experi¬ 
mental  details  of  phase-locking  investigations 
will  be  presented  to  demonstrate  the  progress  made 
thu3  far,  the  correlation  of  experiments  with  com¬ 
puter  analysis  and  the  necessary  experiments  for 
the  achievement  of  laser  phase-locking. 

Frequency  stabilization  of  the  laser  to  the 
frequency  standard  by  an  aFC  system  has  been 
achieved  with  stability  on  the  order  of  a  port  in 
10e.  Frequency  pulling  of  the  loser  over  a  range 
of  approximately  600  kliz  results  from  tuning  the 
frequency  of  the  microwave  signal. 

Introduction 

During  the  past  five  years,  loser  activity 
has  been  extended  to  the  far  infrared  wavelength 
region.  As  a  result,  the  output  wavelength  of  gas 
lasers  ha3  been  steadily  increased  to  the  point 
that  the  longest  achievable  wavelength  is  over¬ 
lapped  by  the  shortest  wavelength  that  is  gener¬ 
ated  harmonically  from  microwave  oscillators.  The 
availability  of  there  losers  now  mokes  possible 
several  investigations  which  were  not  previously 
considered  possible. 

Because  of  the  overlap  of  laser  transitions 
with  the  signals  obtained  by  harmonic  generation 
from  conventional  oscillators,  it  has  been  possible 
to  mix  the  output  of  lasers  with  the  output  of 
klystrons,  and  thereby  measure  very  accurately  the 
laser  output  frequency.  Thi3  has  been  achieved 
with  the  HCN  laser  transitions  at  <390  GHz  and  at 
960  GHz  by  mixing  with  the  12k:  and  1JS  harmonics 
of  a  70  GHz  klystron1.  More  recently,  it  has  been 
possible  to  observe  the  DCh  line  at  190  microns^, 
and  the  H2O  line  at  lid  microns'  by  beating  against 
l  harmonically  generated  signal. 

several  applications  of  the  far  infrared  .aseiw 
require  greater  stability  of  these  sources  than  is 
available  when  operated  in  a  free  running  mode. 

Thu3,  the  establi. :  mg  of  standard  frequency  signuio, 
velocity  of  light  measurements,  the  extension  of 
existing  frequency  standard  techniques  to  the  opti¬ 
cal  region  and  the  eventual  use  of  precise  tunablo 
signals  de;end  upon  the  availability  of  far  infrared 


signals  with  stabilities  on  the  order  of  parts  in 
10°  or  better.  rreviou3  work,  performed  in  the 
Electromagnetics  Department  of  Martin  Marietta, 
with  the  support  of  the  United  States  Army  tlec- 
tronics  Command,  has  provided  the  preliminary 
basis  for  the  extension  of  frequency  control  to 
the  for  infrared*4. 

The  objective  of  the  investigation  discussed 
here  has  been  to  develop  the  means  of  obtaining 
from  the  iiCN  and/or  HgO  lasers  now  in  operation  in 
the  Martin  Marietta  1.  borotories  an  IF  signal  of 
sufficient  spectral  purity  so  as  to  permit  even¬ 
tual  phase-locking  of  the  laser  to  a  frequency 
standard.  It  has  initially  beer,  desired  to  obtain 
stabilities  or.  the  order  of  a  part  in  lC^by  either 
phase-locking  to  the  multiplied  frequency  stur.dard 
signal  or  by  locking  with  an  AFC  circuit  to  the 
frequency  standard  3ignal.  ><ith  the  AFC  loop,  the 
stability  of  one  part  in  10a  has  been  achieved. 

A  theoretical  treatment  of  phase-locking  of 
the  laser  and  various  experimental  studies  of  the 
phase-locking  have  been  performed,  while  it  has 
also  been  possible  to  concentrate  on  the  stability 
characteristics  of  the  laser,  the  beating  of  two 
HCN  lasers,  and  the  eventual  nr’O  of  tne  laser  by 
the  harmonically  generated  frequency  standard 
3ignal.  The  work  has  been  concerned  mainly  with 
the  hCN  laser  since  it  is  more  accessible  by 
harmonic  generation,  but  all  techniques  arc  appli¬ 
cable  to  the  u£>  laser. 

Laser  Stability  ueaaurements 

In  order  to  determine  the  stability  and  fac¬ 
tors  affecting  the  stability  of  an  HCN  laser,  a 
series  of  experiments  were  performed  in  which  two 
free-running  lasers  were  mixed  in  open-structuie , 
point  contact  mixer.  One  laser  is  mounted  on  a 
cement  beam  for  stability  purposes.  The  laser 
uses  the  box  configurations  for  the  mounting  of 
the  mirrors*4  and  is  approxim  itcly  12  feet  long. 

The  gas  inlet  is  in  the  grounded  box  and  the  pump 
outlet  is  .n  the  high  voltage  box.  The  other 
laser  is  mounted  on  a  granite  slab  and  essentially 
has  the  same  configuration  as  the  other  laser,  but 
is  only  10  feet  long. 

An  open-structure  point  contact  diode  is  con¬ 
structed  on  the  same  principles  as  the  convention¬ 
al  waveguide  mixers,  except  that  the  laser  signals 
are  coupled  to  the  diode  through  two  1/2  inch 
holes.  Small  mirrors,  mounted  on  girabal  supports, 
reflect  the  &<gnals  back  to  the  diode  structure. 

It  was  found,  during  these  investigations,  that 
the  optimum  part  of  the  diode  for  the  laser  signals 
to  strike  is  the  hook  in  the  tungsten  whisker 
rather  than  the  junction  of  the  whisker  and  crystal. 

I  - 


The  output  of  the  mixer  is  amplified  in  a  video 
amplifier.  The  amplified  signal  is  displayed  on  an 
oscilloscope  and  mixed  with  a  local  oscillator. 

The  sideband  that  is  generated  is  displayed  in  the 
frequency  domain  on  a  spectrum  analyzer.  Widths 
in  excess  of  50  kHz  were  obtained  in  all  observa¬ 
tions. 

Tiie  first  modification  to  the  above  experiment 
was  to  isolate  each  laser  from  the  ground  by  set¬ 
ting  it  on  six  inner  tubes.  Only  slight  improve¬ 
ment  in  the  stability  occurred. 

The  next  modification  was  to  stabilize  the 
discharge  in  the  laser  tubes  by  using  an  ethyl 
ether  and  ammonia  mixture  instead  of  natural  gas 
and  nitrogen.  The  line  has  narrowed  considerably, 
in  most  cases  being  less  than  20  kHz.  In  the  time 
domain  representation,  the  drift  was  found  to  be  at 
a  120  Hz  rate,  thus  indicating  that  the  ripple  on 
the  power  supply  could  be  a  major  source  of  in¬ 
stability.  By  the  use  of  filtering  and  a  feedback 
network,  a  constant  current  supply  can  be  gener¬ 
ated;  with  the  reduced  rippler  and  drift  of  the 
current  from  the  power  supply,  each  laser  should 
be  more  stable  with  a  resultant  reduction  in  the 
linewidth  of  the  beat.  With  such  a  circuit,  the 
laser  employed  in  the  phase-lock  experiments  has 
not  shown  a  significant  narrowing  of  the  beat. 

While  further  reduction  of  the  beat  width 
should  occur,  the  linewidth  10-20  kHz  is  more  nar¬ 
row  than  the  beat  between  the  laser  and  klystron 
harmonic  has  been  until  recently.  This  indicates 
a  need  for  improvement  in  the  spectral  purity  of 
the  multiplying  chain,  which  will  be  discussed  in 
a  later  section. 

Phase-Locked  Laser  Techniques 

The  earlier  attempts  at  phase -locking  the 
laser  to  the  harmonic  of  the  frequency  standard 
have  been  previously  described.  The  techniques 
employed  were  similar  to  those  described  below. 
However,  a  number  of  modifications  were  made  in 
these  experiments;  some  changes  were  suggested  by 
the  phase-lock  analysis  and  the  laser  stability 
studies. 

The  system  used  to  attempt  phase-locking  the 
HCN  laser  signal  to  the  submillimeter  frequency 
standard  is  the  following:  A  Varian  VC705  reflex 
klystron  is  phase-locked  to  the  ninth  harmonic  of 
an  X-band  reflex  klystron,  which  itself  is  phase- 
locked  to  the  sum  of  an  harmonic  of  a  rubidium 
frequency  standard  signal  and  an  interpolation 
oscillator  signal.  The  eleventh  harmonic  of  the 
Varian  VC705  is  generated  and  mixed  with  an  HCN 
laser  signed  at  890,758  GHz  in  a  point  contact 
multiplier.  This  beat  frequency  signal  is  ampli¬ 
fied  in  an  Lb'L  30  HHz  IF  amplifier  and  sent  to  the 
Model  2650A  Dymec  Transfer  Oscillator  Synchronizer. 
The  phase  error  signal  from  the  synchronizer  be¬ 
fore  filtering  is  amplified,  f-'ltered,  and  fed  to 
the  piezoelectric  translator  cn  which  one  of  the 
laser  mirrors  is  mounted.  The  amplifier  and  fil¬ 
ter  were  designed  to  provide  sufficient  loop  gam 
and  loop  bandwidth  to  capture  the  beat  frequency 
signal. 


The  signal  generated  by  beating  the  eleventh 
harmonic  of  the  Varian  VC705  with  the  laser  out¬ 
put  is  observed  after  amplification  by  the  30  MHz 
IF  amplifier.  A  time  domain  representation  of  the 
beat  frequency  signal  reproduced  from  a  type  647 
Tektronix  oscilloscope  is  obtsdned.  The  frequency 
spectrum  of  the  beat  is  also  obtained.  The  spec¬ 
trum  is  obtained  from  a  Polarad  spectrum  analyzer 
with  an  STU-1A  RF  tuning  unit.  The  short  term 
drift  range  or  tfc '  bandwidth  integrated  over  the 
short  term  drift  is  approximately  50  MHz. 

Signal-to-Noise  Improvement 

A  number  of  variations  of  the  equipment  were 
tried.  With  the  HCN  laser  operating  at  890,758  MHz 
the  following  signals  were  used: 


Tube 


Harmonic 


Varian  VC?14  6 
OKI  90V10  10 
OKI  70V11  12 
Varian  VC715  7 


Also,  the  seventh  harmonic  of  a  Varian  VC715  tube 
was  mixed  with  the  960  GHz  line  from  an  HCN  laser. 
All  of  these  changes  were  made  with  the  intention 
of  improving  the  signal -to-noise  ratio  out  of  the 
IF  amplifier.  It  was  found,  however,  that  the 
primary  limitation  on  the  signal-to-noise  ratio  was 
due  tc  saturation  in  the  IF  amplifier.  When  that 
problem  was  eliminated,  then  the  signal-to-noise 
ratio  was  satisfactory. 

Mechanical  Isolation 


In  an  attempt  to  narrow  the  width  of  the  beat 
between  the  laser  and  the  submil  lime  ter  frequency 
standard,  modifications  were  made  to  isolate  the 
laser  from  mechanical  vibrations.  The  laser  wa3 
isolated  from  the  floor  with  six  inner  tubes.  Any 
coupling  of  vibrations  through  hose  connections  was 
also  eliminated  by  turning  off  the  sources  of  vibra¬ 
tion  and  by  isolating  them.  The  use  of  geophones 
showed  that  the  vibrations  were  reduced;  however, 
no  change  occurred  in  the  beat  frequency  signal. 

Discharge  Stability 

Another  suspected  source  of  the  beat  frequency 
drift  wa..  the  instability  of  the  discharge  and  the 
current.  The  change  from  a  mixture  of  natural  gas 
and  nitrogen  to  a  mixture  of  ethyl  ether  and  ammonia 
resulted  in  a  significant  change  in  the  discharge 
stability.  The  instability  of  the  discharge  caused 
it  to  appear  uniform.  The  appearance  of  striations 
indicates  the  temporal  stability  of  the  discharge 
with  the  ethyl  ether-ammonia  mixture.  In  addition 
to  the  visual  stability  of  the  discharge,  the  sta¬ 
bility  of  the  current  was  examined.  Neither  im¬ 
provement  in  the  current  nor  the  discharge  resulted 
in  a  change  in  the  beat  frequency  signal. 

Breakdown 


The  laser  used  in  these  experiments  had  been 
operated  with  the  mirrors  in  the  gas  mixture  atmo¬ 
sphere.  Ahenever  a  voltage  above  approximately  200  V 


was  applied  to  the  piezoelectric  translator,  on 
which  the  output  mirror  was  mounted,  breakdown 
would  occur.  That  problem  was  circumvented  by 
making  a  3rewster  window  from  polypropylene  and 
operating  the  output  mirror  in  the  atmosphere, 
with  the  Brewster  window  system,  the  beat  fre¬ 
quency  signal-to-noise  ratio  was  reduced  by  a 
factor  of  two  and  the  breakdown  voltage  was  g 
greater  than  1500  V. 

Automatic  Frequency  Control  of 
the  Hydrogen  Cyanide  Laser 

In  order  to  achieve  an  improvement  of  the  sta¬ 
bility  of  a  far  infrared  laser,  it  is  also  possible 
to  consider  automatic  frequency  control  of  these 
devices.  With  such  techniques,  stabilities  on  the 
order  of  a  few  parts  in  10°  can  be  readily  attained. 
The  phase-locking  of  the  laser  to  the  harmonic  of 
the  microwave  source  requires  further  work;  however, 
with  equipment  similar  to  that  described  in  the  pre¬ 
vious  section,  the  laser  has  been  locked  by  AFC 
methods  to  the  generated  millimeter  signal. 

The  AFC  of  the  HCN  laser  has  been  performed 
on  the  89O  GHz  line  by  beating  the  laser  with  the 
12vt>  harmonic  of  an  OKI  70  V10  to  produce  a  60  MHz 
IF  signal.  Figure  1  shows  the  experimental  appar¬ 
atus.  Hie  60  MHz  signal  was  amplified,  and  a  dis¬ 
criminator  response  was  produced  in  a  Micro-Now 
Model  201.  The  output  signal  is  amplified  in  a  DC 
amplifier  and  applied  to  the  piezoelectric  element 
controlling  the  position  of  one  of  the  laser  mirrors. 
Under  AFC,  a  significant  change  in  the  character¬ 
istics  of  the  60  MHu  beat  is  otserved  on  the  spec- 
turm  analyzer.  Vibrational  effects,  which  are 
evident  in  the  unlocked  free-running  operation,  are 
no  longer  present  in  the  AFC  -node.  tuning  the 
microwave  harmonic,  it  is  possible  to  tune  the  laser 
frequency,  n  variation  of  the  harmonic  of  the  fre¬ 
quency  standard  by  as  much  as  600  kHz  shows  no  vari¬ 
ation  in  the  frequency  of  the  IF,  indicating  that 
the  laser  is  following  the  microwave  signal  when 
,iFC  is  employed.  No  significant  change  in  the  line- 
width  is  obse.ved  as  it  remains  on  the  order  of  10 
kHz;  however,  the  signal  remains  well  within  the 
10  kHz  for  periods  of  several  hours.  This  cor¬ 
responds  to  a  stability  on  the  order  of  a  part  in 
10®  for  this  period. 

Further  improvement  of  this  figure  is  evident 
from  recent  investigations.  In  order  to  provide 
an  improvement  m  linewidtn  during  the  unlocked 
operation,  a  laser,  9  feet  in  length,  with  4-inch 
glass  tubing  has  been  assembled.  Invar  rods  are 
employed  to  maintain  the  separation  o,  the  laser 
mirrors.  The  laser  mirrors  have  3.875  inch  dia¬ 
meters,  a  2,l-foot  radius  and  0.090  inch  holes  for 
coupling  out  the  energy.  ..ith  this  laser,  line- 
widths  of  approximitely  9  kHz  have  been  observed 
on  the  "arconi  spectrum  .analyzer,  "'ith  this 
laser,  it  should  be  possible  to  realize  stabili¬ 
ties  on  the  order  of  3  parts  in  ^q9  by  AFC  tech¬ 
niques. 

Several  d  ffic.ities  still  remain  in  the  over¬ 
all  system,  whic..  have  delayed  the  phase-locking 
of  the  la  .or  and  make  the  AFC  technique  difficult. 
Improvement  .»■  the  piezoelectric  elements  is 


necessary.  Improved  sensitivity  and  lack  of 
resonances  is  required.  >\lith  the  original  mir¬ 
rors,  made  of  2.875  inch  diameter,  0.300  inch 
thick  quartz,  a  5C0  volt  signal  from  the  DC  ampli¬ 
fier  resulted  in  a  150  kHz  swing  up  to  700  Hz 
(frequency  input)  but  produced  a  resonance  at  450 
Hz  with  a  300  kHz  swing.  In  order  to  move  the 
resonance  to  a  higher  frequency,  a  0.250  inch 
thick,  2.938  inch  diameter  flat  aluminum  plate 
was  fabricated.  This  lighter  plate  moved  the 
resonance  to  680  Hz.  Modulation  was  possible 
to  1500  Hz.  It  would  be  desirable  to  have  the 
resonance  at  a  higher  frequency  (  2  kHz  or 

higher)  so  that  a  flat  frequency  response  up  to 
this  frequency  is  available. 

Investigations  are  now  being  performed  to 
provide  an  accurate  quantitative  figure  for  the 
stability.  Counting  techniques  and  discriminator 
calibration  are  being  considered  as  methods  for 
providing  this  figure,  when  phase-locking  is 
eventually  achieved,  the  desirable  technique  will 
be  the  beating  of  two  lasers  locked  to  a  microwave 
source. 

Conclusions  and  Recommendations  for  Future  work 


The  problem  of  phase  locking  a  laser  signal 
to  a  submillimeter  frequency  standard  has  Leen 
investigated  analytically  and  experimentally.  In 
addition,  laser  stability  studies  to  augment  the 
lase. -microwave  phase-locking  experiment  were  per¬ 
formed.  Improvements  .n  signal-tu-noise  ratio  and 
User  and  microwave  stability  have  been  made. 
Al.hough  phase-locking  has  not  been  achieved,  it 
appears  to  be  analytically  feasible,  and  no  experi¬ 
mental  information  has  indicated  an  impasse.  It 
is  expected,  therefore,  thatcontinued  work  in  this 
area  would  result  in  the  phase-locking  of  a  laser 
signal  to  a  submilliroeter  frequency  standard. 


The  HCN  laser  has  been  locked  to  a  harmonic  of 
a  frequency  standard  with  a  long-term  stability  on 
the  order  of  a  part  in  10”.  with  lincwidths  on  the 
order  of  5  kHz  now  being  achieved  in  a  new  laser, 
it  should  be  possible  to  improve  this  stability  by 
approximately  an  order  of  magnitude. 


On  the  basis  of  the  work  performed  and  the 
prospects  for  locking  a  far  infrared  laser,  work 
should  be  continued  on  the  frequency  c.  ntrol  of 
infrared  lasers.  The  following  investigation::, 
warrant  further  consideration  m  future  programs 


1.  Continued  improvement  of  the  spectral 
purity  of  the  microwave  oscillator  from  which  the 
millimeter  wave  signal  is  generated,  with  the 
linewidth  of  the  beat  signal  now  reduced  to  5  kriz, 
it  is  possible  that  furtner  reduction  of  this  width 
can  result  from  an  improved  spectrum  of  the  ori¬ 
ginating  source.  Two  new  multiplying  chains  have 
been  received  in  the  nlectromarnetics  laboratory 
and  the  spectral  purity  of  las  signals  from  these 
devices  will  be  ascertained  in  the  beati:g  experi¬ 
ments. 


2.  Improvement  of  the  laser  power  supplies. 
Instability  and  noise  can  be  originating  from  the 
power  supplies,  a  current  regulator,  assembled 


to  provide  further  improvement  in  the  discharge 
stability,  has  shown  no  change  in  the  spectral 
characteristics. 

3.  with  the  improved  linewidth,  a  reassess¬ 
ment  of  the  effects  of  vibrations  should  be  per¬ 
formed.  The  new  system,  withinvar  rods  to  minimize 
the  effect  of  physical  motion  of  the  two  laser  mir¬ 
rors,  will  provide  a  means  for  investigating  these 
effects. 

4.  Investigations  should  be  continued  to  im¬ 
prove  the  discharge  configuration  by  improving  the 
electrode  geometry. 

5.  Improved  mirror  holders  are  needed  and.  will 
contribute  to  the  stability  of  the  system. 

6.  An  improved  means  of  feeding  the  control 
signal  to  the  laser  is  needed.  Thus  far,  the  use 
of  the  piezoelectric  elements  has  not  been  success¬ 
ful,  but  work  will  continue  on  improving  this  tech¬ 
nique.  Present  plans  call  for  feeding  an  AFC  sig¬ 
nal  through  the  power  supply  while  the  phase -locking 
signal  is  applied  to  the  piezoelectric  element  on 
the  laser  mirror. 

7.  Methods  for  enhancing  the  signal-to-noise 
ratio  of  the  heterodyne  signal  between  the  laser 
and  the  microwave  source  should  be  studied.  The 
possibility  of  using  a  higher  frequency  millimeter 
wave  source  can  be  investigated.  Both  a  127  GHz 
Varian  klystron  and  a  300  GHz  carcinotron  are  avail¬ 
able  for  these  studies.  Phase-locking  of  the  car¬ 
cinotron  will  be  necessary.  Improvement  of  the 
mixer  structures  could  result  in  an  enhanced  S/N. 

The  initial  use  of  open  structures  has  proven  rela¬ 
tively  successful  for  heterodyning  two  lasers,  and 
with  the  appropriate  focussing  mechanism,  should  be 
applicable  to  the  mixing  of  the  laser  and  microwave 
signal.  A  new  open-structure  mixer  will  accept  two 
laser  signuls  and  a  microwave  signal. 

8.  The  actual  phase-locking  of  the  laser  to 
the  multiplied  signal  should  be  achieved  in  the  near 
futur  .  -ork  should  continue  on  this  aspect  and 
should  eventually  be  extended  to  higher  frequency 
laser  systems.  The  locking  of  the  HO  laser  at  118 
microns  is  the  next  lost  likely  system  to  be  con¬ 
tinued. 

9.  The  development  of  mixing  techniques  for 
use  with  the  CO  laser  at  10.6  microns  is  required 
for  the  application  of  frequency  control  techniques 
for  the  near  infrared  wavelength  region,  and  con¬ 
sideration  of  these,  tv  hniques  will  be  made  in 
future  investigation. 
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LASER  FREQUENCY  STABILIZATION  USING  A  PRIMARY  FREQUENCY 
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The  use  of  an  atomic  or  molecular  resonance,  observed  in  a  beam,  as  a 
primary  frequency  reference  has  of  course  been  successfully  exploited 
in  the  long  term  stabilization  of  microwave  oscillators.  At  microwave 
frequencies,  the  design  criterion  is  the  suitability  of  the  molecular 
beam  transition  as  regards  to  perturbation  by  external  fields  and  ease 
of  detection.  The  local  oscillators  offer  no  problems  since  they  have 
a  large  tuning  bandwidth.  To  find  a  suitable  molecular  beam  reference 
for  the  stabilization  of  the  laser  oscillator  is  not  so  simple  because 
of  the  narrow  tuning  range  of  the  laser.  However,  we  have  reported  the 
observation  of  resonance  fluorescence  of  iodine  in  a  molecular  beam, 
induced  by  light  from  a  single  longitudinal  mode  51^5  A  argon  laser.1 
The  nearest  I2  resonance  is  600  MHz  away  from  the  center  of  the  laser 
gain  curve.  The  individual  width  of  the  iodine  resonances  has  been 
inferred  to  be  50  kHz  from  life  time  measurement  of  the  excited  state 
of  I2  in  the  beam.  The  use  of  one  of  the  iodine  resonances  is  being 
exploited  as  an  external  frequency  reference  in  the  feedback  stabili¬ 
zation  of  the  argon  laser. “=  The  narrow  linewidth  plus  the  fact  that 
there  is  no  Stark  shift  due  to  collisions  or  collision  broadening  in 
the  beam  promise  a  high  degree  of  long  term  frequency  stability  and 
resetability.  Calculations  based  on  the  signal  to  noise  ratio  obtained 
in  the  resonance  fluorescence  data  indicate  that  it  would  be  possible 
to  detect  a  shift  of  200  Hz  from  the  center  of  the  iodine  resonance,  i.e., 
5  x  10"3  of  the  50  kHz  width,  in  an  integration  time  of  one  second.  The 
molecular  beam  stabilization  scheme  will  be  discussed  and  new  data  will 
be  presented. 


1  S.  Ezekiel  and  R.  Weiss,  "Laser-Induced  Fluorescence  in  a  Molecular 
Beam  of  Iodine",  Physical  Review  Letters,  January  15,  1968. 

O 

S.  Ezekiel  and  R,  Weiss,  "A  Molecular  Peam  Reference  for  Laser-Frequency 
Stabilisation",  Paper  #16 P-2,  International  Quantum  Electronics  Conference, 
Miami,  Florida,  196b. 


PRECISION  TIME  MEASUREMENTS 


OPTICAL  PULSARS 


P.  E.  Boynton,  R.  B.  Partridge  and  D.  T.  Wilkinson 
Princeton  University 


Recent  measurements  at  Princeton  of  the  optical  pulsar  in  the  Crab  Nebula 
OIP  'lSj2)  are  discussed.  Of  particular  interest  is  pulse  time-of-arrival. 
Such  phase  measurements  over  a  long  interval  lead  to  estimates  of  the 
pulsar  period  and  its  time  derivatives.  Primary  concern  is  with  the 
second  derivative  whose  value  would  be  an  important  check  on  recent 
pulsar  models.  Timing  techniques  involve  visual  cycle  identification 
of  the  Loran-C  one-second  tick  leading  to  synchronization  (to  +  20/,  s) 
of  a  locally  generated  one-seccnd  pulse.  The  pulsar  signal  is  recovered 
with  the  usual  signal  averaging  technique,  using  a  multiscaler  scanned 
at  the  pulsar  frequency. 

Preliminary  results  for  the  period  and  first  derivative  are  consistent 
with  numbers  derived  from  radio  observation  of  NP  0532.  Further  work 
on  ephimeris  corrections  and  additional  data  reduction  is  required  to 
extract  the  second  derivative. 


